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Abstract

INTRODUCTION: Autopsy studies recognize the locus coeruleus (LC) as one of the first sites 

accumulating tau in Alzheimer’s disease (AD). Recent AD work related in-vivo LC MRI-integrity 

to tau and cognitive decline; however, relationships of LC integrity to age, tau and cognition in 

autosomal dominant AD (ADAD) remain unexplored.

METHODS: We associated LC integrity (3T-MRI) with estimated-years-of-onset, cortical beta-

amyloid, regional tau (PET) and memory (CERAD Word-List-Learning) among 27 carriers and 27 

noncarriers of the PSEN1 E280A mutation. Longitudinal changes between LC integrity and tau 

were evaluated in 10 carriers.

RESULTS: LC integrity started to decline at age 32 in carriers, 12 years before clinical onset, 

and 20 years earlier than in sporadic AD. LC integrity was negatively associated with cortical tau, 

independent of beta-amyloid, and predicted precuneus tau increases. LC integrity was positively 

associated with memory.
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DISCUSSION: These findings support LC integrity as marker of disease progression in 

preclinical ADAD.
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1. Background

Alzheimer’s disease (AD), the most common form of dementia, is neuropathologically 

defined by accumulation of beta-amyloid (Aβ) plaques and neurofibrillary tangles [1, 2]. 

Each of these pathologies follow a distinct, but predictable topography in the brain [3]. 

At the age of 40, nearly every autopsy case exhibits hyperphosphorylated tau in the locus 

coeruleus (LC) [2, 4, 5]. Then, around age 50 tau emerges in the entorhinal cortex, followed 

in a subset by accumulation of Aβ and tau in the neocortex starting around age 60 [2, 

3]. The clinical symptoms in sporadic AD are typically observed beginning after age 65. 

These time lags between pathology and clinical symptoms may be crucial to determine when 

interventions should be initiated. Earlier detection and intervention are critical to prevent 

rampant spreading of pathology and delay disease progression. The LC is an important 

target, given its early vulnerability to tau aggregation and important role in the modulation 

of cognition [6].

Among older individuals, including preclinical sporadic AD, we recently demonstrated 

with dedicated MRI-methods that LC intensityr (relative intensity to pontine tegmentum, 

likely reflecting integrity[7]) peaks and starts to decline at age 54, a time in life when 

cortical tau starts to set in [7]. Consistent with autopsy data, lower LC intensityr was 

associated with greater allocortical tau binding, also in individuals in whom Aβ was not 

yet detectable. Lower LC intensityr also predicted memory decline, prior to the presence of 

readily detectable levels of fibrillar Aβ-PET levels [7]. These findings are significant as they 

indicate that LC MRI-measures can be a promising indicator of initial AD-related processes 

[8].

Individuals carrying Presenilin-1 (PSEN1) mutations are preordained to develop autosomal 

dominant Alzheimer’s disease (ADAD) early in adulthood [9]. While the pathologies in 

sporadic AD and ADAD are similar, they differ in temporal ordering. In ADAD, Aβ 
deposition precedes cortical tau pathology by approximately 10–15 years [9–11]. Cortical 

tau pathology in ADAD is known to occur nine years prior to disease onset, topographically 

similar to sporadic AD, but with an accelerated progression. Autopsy studies have not yet 

systematically examined the LC in ADAD, but the LC of a younger case with Braak stage 

VI (#63) in Theofilas et al. (2017) encompassed one third of the neurons relative to the other 

older Braak VI cases, indicating a more aggressively affected LC in early-onset AD [12]. In 

addition, alterations in norepinephrine transmission and metabolism are evident in sporadic 

and early-onset AD [13, 14], and linked to tau and cognitive decline [15, 16]. Given that 

the LC is an initial site of pretangle material in AD, and that tau is closely associated with 

cognition, we hypothesized that in ADAD age-related changes in LC intensityr occur early 

in adulthood, before accumulation of tangle pathology but likely shortly after the expected 
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onset of Aβ. In addition, we expected that worse LC intensityr would be associated with 

greater cortical tau deposition, and worse cognitive performance.

To examine these hypotheses, we related LC intensityr using MRI, to Aβ and tau using 

PET and cognitive measures in PSEN1 E280A (Glu280Ala) mutation carriers from the 

largest known kindred, residing in Antioquia, Colombia, and age-matched noncarrier family 

members. A subset of these carriers also had follow-up imaging and cognitive data after on 

average two years, allowing us to assess whether LC intensityr tracks with tau changes, and 

determining whether LC intensityr may hold promise in the search for an early prognostic 

marker.

2. Methods

2.1. Participants

Twenty-seven mutation carriers (19 cognitively unimpaired and eight impaired; age 

range:28.5–49.25), and 27 noncarriers (age range:28.5–47.25) from the Massachusetts 

General Hospital (MGH) COLBOS (Colombia-Boston) Biomarker study were included. 

Participants were recruited from the Colombian Alzheimer’s Prevention registry. Exclusion 

criteria included: diagnosis of dementia, a medical, psychiatric or neurological disorder, a 

history of stroke, seizures, substance abuse or other disorders affecting motor, visuospatial 

or cognitive abilities. Individuals were considered cognitively unimpaired if they exhibited 

no impairment on the Consortium to Establish a Registry for Alzheimer’s Disease 

neuropsychological battery (CERAD) word list recall and visuospatial memory tests, scored 

at least 26 or more on the Mini-Mental State Examination (MMSE), received a score of 0 on 

the clinical dementia rating (CDR) scale and scored below 3 on the Functional Assessment 

Staging Test (FAST). Impaired carriers were those who met criteria for mild cognitive 

impairment, had a CDR of 0.5 and a FAST > 3. The expected years to onset (EYO) was 

calculated by subtracting the carriers’ age from 44, median age of clinical onset in PSEN1 
E280A carriers (95%CI = 43–45)[17] and only used in the interpretation of the estimated 

sequence of biomarker changes. For ten carriers, we also obtained follow-up imaging data 

(median follow-up time: 2 years, IQR[1.81, 3.5] [18].

Participants traveled from Colombia to Boston to undergo MRI and PET imaging at 

MGH, and neuropsychological assessments were conducted in Spanish at the University of 

Antioquia within 6 months of imaging. All participants provided informed written consent 

and protocols were approved by the local institutional review boards of the University of 

Antioquia and MGH. Investigators and participants were blinded to carrier status.

2.2. Magnetic resonance imaging

Magnetic resonance imaging was performed at MGH on a 3T-imaging system (TIM Trio; 

Siemens). Structural 3D T1-weighted magnetization–prepared rapid-acquisition gradient-

echo (MPRAGE) images were collected (repetition time=2300ms, echo time=2.95ms, 

flip angle=9°, 1.05×1.05×1.20mm resolution). To visualize the LC, we applied a 2D-T1-

weighted Turbo-Spin-Echo (TSE) sequence with MT contrast (repetition time=743ms, 
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echo time=16ms, flip angle=180°, 6 slices, 4 online averages, 0.4×0.4×3.00mm resolution, 

acquisition time:3:24min).

T1-weighted images were processed using FreeSurfer (FS) version 6.0.0 using the default 

automated reconstruction protocol [19]. To calculate signal intensityr in the LC, we applied 

the method reported previously [7]. In summary, search-regions in MNI-space covering 

the bilateral LC region and rostral pontine tegmentum (reference) were warped to each 

individual LC-scan using the high-dimensional symmetric diffeomorphic normalization 

transformation of the Advanced Normalization Tool (ANTs, Philadelphia, USA)[20], and 

visually checked. We normalized each slice to the average intensity of the reference region 

to remove interslice variability and potential age-confounding effects from the reference 

region. Consistent with others as well as our previous work [7, 21–23] reporting a good 

signal-to-noise distribution, we applied an iterative search-algorithm within these search-

regions to obtain the highest intensity value in 5 connecting voxels. Autopsy work did not 

report asymmetry in LC tau or neuronal changes [24] and consistent with our previous work 

[7], we averaged the left and right extracted intensities.

2.3. Positron emission tomography

The Pittsburgh Compound B (PiB)-PET and Flortaucipir (FTP)-PET data were acquired at 

MGH on a Siemens/CTI ECAT HR+ scanner [25, 26]: PiB-PET was acquired with bolus 

injection (8.5–15 mCi) followed immediately by a 60-minute dynamic acquisition in 69 

frames (12×15 seconds, 57×60 seconds) and FTP was acquired from 75–105 minutes after 

bolus injection (9.0–11.0 mCi) in 4×5-minute frames. PET data were reconstructed applying 

standard data corrections [25].

To evaluate the anatomy of cortical FTP binding, each individual PET-data set was 

rigidly coregistered to the subject’s MPRAGE data. The FS’s region-of-interest (ROIs) 

were transformed into PET native space. PiB-PET data were expressed as the distribution 

volume ratio (DVR) with cerebellar grey as reference using the Logan graphical method 

applied to data from the 40–60-minute post-injection integration interval. PiB-status was 

ascertained in a neocortical aggregate region using a 1.20 DVR cut-off based on Gaussian 

Mixture Modeling in an independent dataset [27]. Given the high correlation across many 

cortical regions and to avoid noise introduction PiB-data did not undergo partial volume 

correction (PVC). Regional FTP-PET data were PVC using the Geometrical Transfer Matrix 

method[28], assuming a uniform 6mm point spread function. For surface-based FTP-PET 

analyses, we implemented the extended Muller-Gartner correction for PVC in volume space 

prior to surface sampling, and then applied surface-smoothing equivalent to 8mm FWHM 

Gaussian kernel. Regional FTP binding was expressed in FS-defined regions reflecting 

critical Braak-stages (entorhinal (stage I-II), inferior temporal (stage IV) and precuneus 

(stage V)) as standardized uptake value ratio (SUVr) using cerebellar grey as reference.

2.4. Statistical analyses

Statistical analyses were performed using the R-software (version 3.5.1). Given the non-

Gaussian distribution of our biomarker and cognitive variables, group differences were 
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tested using the Wilcoxon-rank test for continuous variables, the Kruskal-Wallis test when 

comparing more than two groups, and the Fisher-exact test for dichotomous variables.

Age-relationships with LC intensityr (including quadratic terms) were tested using linear 

regression analyses with bootstrapping of the standard error of the estimates over 5,000 

replicates. To determine the peak of the quadratic age-function, we calculated the first 

derivative and its 95% confidence interval using central finite differences. To understand the 

age-positioning of the LC data in (preclinical) ADAD relative to individuals with preclinical 

AD, we matched LC intensityr of the (unimpaired) carriers to participants of the Harvard 

Aging Brain Study (n=155, ages 50–94 years, 27.75% PiB+)[7]. Matching was done using 

non-parametric greedy nearest neighbor matching on a propensity score using a logistic 

regression of the carriers on PiB DVR and entorhinal FTP SUVr. Balance was assessed 

with mean standardized differences for both variables, and if needed also their interaction, 

before and after matching. Relationships between age and LC intensityr between carriers and 

matched older participants were compared using bootstrapped linear regression.

Associations between LC intensityr and tau or Aβ-PET measures or cognitive performance 

were examined using bootstrapped linear regression analyses. Given that age is synonymous 

with disease stage in this population, we took a hierarchical approach for the PET-analyses: 

1) without covariates, 2) including age and sex as covariate, and 3) excluding impaired 

carriers. In addition, for FTP-PET analyses, we also ran analyses with PiB-PET as covariate. 

For cognition, we z-transformed CERAD word list scores using age-adjusted residuals of 

noncarriers and included sex and education as covariates in the regression. PET-associations 

were confirmed with vertex-wise partial Spearman-rank correlations between LC intensityr 

and tau or Aβ within all carriers or within unimpaired carriers (regressing age out). To 

mitigate inflated type 1 errors and take the point-spread function of PET data on surface 

areas into account, we applied a cluster-wise threshold of p<0.01 (and p<0.05 for the smaller 

longitudinal dataset) with a minimal surface-area size of 120mm2.

Mediation analyses were performed using the quasi-Bayesian Monte Carlo approximation 

(1,000 simulations per vertex for surface-based and 10,000 simulations for ROI-analyses) in 

which the posterior distribution of quantities of interest is approximated by their sampling 

distribution. Proportion mediated is expressed as the mediated effect divided by the total 

effect.

Finally, for longitudinal analyses in the carriers, we performed linear mixed effects models 

(random intercept for each subject) for baseline versus change (effect size of variable of 

interest is expresses as partial R2 (R2
p)), and for change on change analyses we performed 

repeated measures correlation, bootstrapped over 1,000 replicates. Repeated measures 

correlation has the advantage that it does not require a large sample size for paired-repeated 

measures by taking the intra-individual variance into account (similar to random intercept) 

[29]. The threshold for statistical significance was set at p<0.05. We reported the overall 

model significance, reported p-values are two-sided, and 95% confidence intervals are 

bootstrapped.
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3. Results

3.1. Age-relationship with LC intensityr

Carriers and noncarriers did not differ in age, education or proportion of females (Table 

1). Impaired carriers (n=8) were older than unimpaired carriers or noncarriers (p<0.001). 

All carriers exhibited lower MMSE-scores and higher PiB compared to noncarriers. LC 

intensityr values were similar across both groups, but impaired carriers showed lower LC 

intensityr compared to unimpaired carriers and noncarriers (p=0.038, Figure 1A). There 

were no sex differences in LC intensityr across the entire group (p=0.085) or in interaction 

with carrier-group (p=0.22).

We observed a nonlinear age-relationship with LC intensityr across the entire group (Model 

p=0.04; β=−0.10, t(51)=−2.11, p=0.040, 95%CI[−0.20,−0.01], Figure 1B). When examining 

this age-relationship separately for carriers and noncarriers, we observed a positive age-

relationship in noncarriers (r=0.44, p=0.02) and a negative age-relationship in carriers 

(r=−0.67, p<0.001, Fisher z=−4.48, p<0.001) with a peak at 31.5 years (95%CI[30.3,32.7]; 

EYO= −12.5 95%CI[−13.7,−11.3], Figure 1C). These effects remained the same when 

excluding the impaired carriers (Figure S2-A).

To understand the trajectory of age-relationships with LC intensityr in ADAD relative to 

individuals on a trajectory to sporadic AD (n=155, Table S1), we identified a matched 

independent group using propensity-based matching and compared these to the carriers. 

Optimal matching was only possible for a model including PiB DVR, entorhinal FTP SUVr 

and their interaction (Figure 1D; Figure S1 for love plots of all matching results). There 

was no difference between carriers and the matched group in terms of PiB DVR (p=0.85), 

entorhinal FTP SUVr (p=0.62) or LC intensityr (p=0.89). The age-range of the matched 

group was 57–92 years (median:77.5 years, IQR [68.00,82.88]). LC intensityr was linearly 

related with age in the matched group (r=−0.49, p=0.012), though less steep than the carriers 

(Model p<0.001; β=0.003, t(49)=2.29, p=0.026, 95%CI[0.001,0.006], Figure 1E). These 

patterns were similar when matching only unimpaired carriers (Figure S2-B).

3.2. Lower LC intensityr is associated with cortical tau in carriers

Lower LC intensityr was more strongly associated with greater entorhinal FTP 

binding in carriers than noncarriers (Model p<0.001; β=6.43, t(50)=2.72, p=0.009, 

95%CI[1.85,11.85]), even when excluding the impaired carriers (Model p<0.001; β=5.39, 

t(42)=3.49, p=0.001, 95%CI[2.37,8.41]), or when controlling for PiB (Table S2). The 

relation between LC intensityr and entorhinal FTP was trend-level when covarying for 

age and sex (Model p<0.001; β=3.51, t(48)=1.90, p=0.065, 95%CI[−0.11,7.12]). We 

also observed stronger negative associations between LC intensityr and FTP in inferior 

temporal cortex and precuneus in carriers compared to noncarriers (models p<0.001; 

IT:β=6.37, t(50)=2.92, p=0.005, 95%CI[3.40,12.47]; PRC:β=12.05, t(50)=2.86, p=0.006, 

95%CI[6.60,25.51], Figure 2A), also when adjusting for age and sex (models p<0.001; 

IT:β=2.56, t(48)=2.26, p=0.029, 95%CI[0.34,4.79];PRC:β=5.81, t(48)=2.67, p=0.01, 

95%CI[1.56,10.07]) or excluding impaired carriers (models p<0.001; IT:β=3.98, t(42)=4.12, 

p<0.001, 95%CI[2.06,7.37];PRC:β=6.72, t(42)=4.26, p<0.001, 95%CI[2.95,9.80]). These 
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group differences were independent of PiB however, when excluding impaired carriers and 

controlling for PiB, PiB no longer contributed and the interaction between group and LC 

intensityr on tau remained significant (Table S2).

Our vertex-wise correlations between LC intensityr and cortical FTP binding in carriers 

indeed supported widespread negative correlations in medial and lateral temporoparietal 

regions (Figure 2B, Table S3). The magnitude of these correlations was lower but remained 

significant with an overlapping spatial layout in the unimpaired carriers (Figure 2C). The 

vertex-wise map of noncarriers did not survive cluster-wise correction (not shown).

3.3. Lower LC intensityr is associated with neocortical Aβ deposition

Lower LC intensityr was more strongly associated with greater neocortical PiB 

binding in carriers than noncarriers (model p<0.001; β=2.15, t(49)=3.06, p=0.004, 

95%CI[0.468,3.642], Figure 3A). This difference remained significant when adjusting for 

age and sex (model p<0.001; β=1.55, t(47)=2.33, p=0.03, 95%CI[0.25,2.86]), and was at-

trend level when excluding impaired carriers (model p<0.001; β=1.42, t(41)=2.07, p=0.05, 

95%CI[−0.608,3.803]). Vertex-wise correlations between LC intensityr and cortical PiB 

confirmed widespread negative correlations in medial and lateral frontal regions in carriers 

(Figure 3B, Table S3). The vertex-wise map in noncarriers did not survive cluster-wise 

correction (not shown).

3.4. Neocortical tau mediates the relationship between LC intensityr and memory in 
carriers

Lower LC intensityr was associated with worse delayed recall in carriers relative to 

noncarriers (interaction LC intensityr by group: model p<0.001; β=−18.64, t(47)=−2.24, 

p=0.030, 95%CI[−36.39,−1.01], but this difference was driven by impaired carriers 

(excluding impaired carriers: β=−4.11, t(40)=−0.53, p=0.60). The groups did not 

differ on the association between LC intensityr and total learning (model p<0.001; 

β=−6.38, t(47)=−0.95, p=0.35, 95%CI[−20.43,6.02], Figure 4A). Vertex-wise mediation 

analyses revealed that tau in temporoparietal regions, including bilateral precuneus, 

mediates the relationship between LC intensityr and delayed recall in all carriers 

(Figure 4B, Table S4). ROI-based mediation analyses using precuneus FTP confirmed 

this: mediation effect:β=17.38,95%CI[7.45,29.97],p=0.006, proportion mediated:β=0.72, 

95%CI[0.40,1.62],p=0.008 (Figure 4C).

3.5. LC intensityr and longitudinal changes in tau

Ten carriers had follow-up measurements. Lower baseline LC intensityr was associated 

with increases in precuneus FTP, but not with entorhinal or inferior temporal FTP 

changes (EC:β=0.04, t(8)=0.04, p=0.97, R2
p=0.00; IT:β=−2.15, t(8)=−1.38, p=0.20, 

R2
p=0.12; PRC:β=−5.27, t(8)=−2.85, p=0.022, R2

p=0.18, 95%CI[−8.95,−1.76]; Figure S2). 

Associations with precuneus FTP survived correction for baseline PiB (β=−5.38, t(7)=−2.78, 

p=0.027, R2
p=0.12, 95%CI[−9.97,−0.80]). LC intensityr declined significantly over time 

(β=−0.011, t(8)=−3.00, p=0.015, R2
p=0.47, 95%CI[−0.012,−0.002]), independent of age 

(β=−0.005, t(8)=−3.29, p=0.011, R2
p=0.57, 95%CI[−0.009,−0.002], Figure S4). Decreases 

in LC intensityr were associated with increases in FTP only in the precuneus (EC:rrm=−0.26, 
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95%CI[−0.93,0.85], p=0.44; IT:rrm=−0.31, 95%CI[−0.81,0.52], p=0.35; PRC:rrm=−0.62, 

95%CI[−0.91,−0.46], p=0.042, Figure 5A–B), which did not survive adjustment for baseline 

PiB (rrm=−0.33, p=0.21). These associations were not driven by impaired carriers, as 

decreases in LC intensityr were associated with increases in entorhinal and precuneus FTP 

in unimpaired carriers (n=7; EC:rrm=−0.84, 95%CI[−0.98,−0.08], p=0.009; IT:rrm=−0.55, 

95%CI[−0.94,0.47], p=0.16; PRC:rrm=−0.77, 95%CI[−0.97,−0.11], p=0.025, Figure 5A–C, 

Table S5). In unimpaired carriers, only the change-on-change association for precuneus FTP 

survived adjustment for PiB (rrm=−0.84, 95%CI[−0.99,−0.13],p=0.001).

4. Discussion

Autopsy studies and our previous neuropathology - neuroimaging work revealed the LC 

as one of the first regions affected by tau in AD, possibly decades before cortical tau 

accumulation and emergence of cognitive deficits [2, 4, 5, 30], and that MRI-derived LC 

intensityr tracks with these initial AD-related processes [7]. Here we sought to examine 

whether LC intensityr also correlated with cross-sectional observations and longitudinal 

changes in cortical tau and memory in ADAD, and to obtain more insight into the temporal 

emergence of LC changes within the pathophysiologic sequence of ADAD. In ADAD, age 

is commonly used as a proxy of disease progression, because as carriers age, they get closer 

to their age of estimated symptom onset. Therefore, we examined the relationship between 

age and LC intensityr and determined that changes in LC intensityr occur approximately 

12 years prior to clinical onset, which according to disease models is after fibrillar Aβ is 

detectable (~16 EYO) [31, 32], but before cortical tau is evident with PET-imaging [9–11]. 

Even though the pathophysiologic cascade of ADAD differs from sporadic late-onset AD, 

they are related, and based on the estimated sequence of biomarker changes (using the 

EYO), our data suggests that the LC undergoes changes before accrual of cortical tau. 

The non-linear age-relationship with LC intensityr is consistent with other LC-imaging 

studies in aging or sporadic AD [7, 33, 34]. However, in ADAD the peak in LC intensityr 

occurs at least twenty years earlier than in sporadic AD and the negative slope between 

age and LC intensityr is steeper in our (preclinical) ADAD sample as compared to our 

previous work in preclinical sporadic AD. This indicates that even in the preclinical stages 

ADAD is characterized by a more accelerated disease progression [35–37]. The positive 

age-relationship with LC intensityr in young noncarriers is consistent with previous imaging 

and immunohistochemistry reports [34, 38], and has been associated with greater cognitive 

reserve and performance [22, 39].

Cross-sectionally, LC intensityr was associated with tau deposition in the entorhinal cortex, 

inferior temporal cortex and precuneus in ADAD carriers. These associations occurred 

independently of Aβ. Similarly, in the longitudinal analyses, a waning LC intensityr signal 

was associated with rises in precuneus tau in unimpaired carriers, even when taking Aβ into 

account. These findings indicate that in the preclinical stages of ADAD LC intensity holds 

promise to predict propagation of tau into the neocortex.

These longitudinal associations between LC intensityr and tau were only observed for the 

precuneus, which reflects a spatial pattern that is consistent with previous reports and the 

temporal cascade of ADAD [9, 10]. Medial temporal tauopathy is estimated to be detectable 

Jacobs et al. Page 8

Alzheimers Dement. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as early as 9 EYO, 3 years prior to neocortical tau, which occurs closer to clinical onset in 

ADAD [11]. Medial temporal lobe tau may reach a plateau when tau is expanding and rising 

in other cortical regions [40, 41]. This plateauing of tau, and the temporal proximity of LC 

intensityr to Aβ and medial temporal tau may explain overlapping proportions of variance of 

these markers. Even though entorhinal tau is less dynamic and serial LC data may presage 

expansion of tau in the neocortex, cross-sectionally, LC intensityr measures may have an 

equally and potentially larger effect on initial entorhinal tau relative to Aβ in preclinical AD 

[42]. This is supported by recent work on CSF p-tau reporting that these non-fibrillar tau 

markers become elevated contemporaneously with amyloidosis, 15–20 EYO in ADAD [43, 

44]. Animal studies also provided evidence linking early pathologic changes in the LC to 

cortical fibrillar proteinopathies. Both Aβ-oligomers binding to alpha-adrenergic receptors 

in LC neurons [45] as well as aberrant norepinephrine metabolism [46] are able to set 

off a tau hyperphosphorylation signaling cascade. We previously demonstrated that LC 

intensityr measures may capture processes related to these early abnormal tau changes, and 

the findings here extend this to also imply a prognostic role for LC intensityr. In contrast 

to sporadic late-onset AD, we did not see consistent associations between LC intensityr and 

inferior temporal tau. This corroborates previous reports of a different topography of tau 

spreading, in which Braak stage IV is skipped in ADAD [9, 11].

Consistent with AD and ADAD disease models [47, 48] and observations in AD [7, 49], 

lower LC intensityr was associated with lower delayed recall performance in carriers, which 

was partially mediated by tau deposition in temporoparietal regions. The association with 

predominantly retrieval processes is congruent with our observations in sporadic AD [7] and 

norepinephrine’s role in synaptic plasticity and long-term potentiation, the cellular process 

underlying learning and creating stronger memories [50]. Effect sizes for associations 

between LC intensityr and memory were smaller than those observed for pathology. Our 

sample was predominantly unimpaired and therefore, longer follow-up may be required to 

detect clinically meaningful sequala.

Our study has limitations. First, our cross-sectional sample size is modest, and small for 

repeated measures due to the international logistics of the study, bringing participants from 

Colombia to Boston. But, importantly, this is a homogenous sample consisting of a single 

PSEN1 mutation. In addition, our findings were consistent with observations in sporadic 

AD and the moderate to large effect sizes support the robustness of these findings. Second, 

cautiousness is required when interpreting the temporal sequence across biomarkers, as 

the detection ability of each biomarker is limited, particularly for measuring non-fibrillar 

pathology. Therefore, validating our findings in postmortem and larger longitudinal 

studies with multiple timepoints to allow for accurate change-on-change modeling will be 

paramount.

In sum, LC intensityr changes early in the course of ADAD, possibly before detection of 

initial cortical tangle deposition, and is associated with the early pathologic and clinical 

phenotypes of ADAD. Though further research should confirm the directionality and 

mechanism of tau spreading, our findings indicate that LC intensityr decreases can predict 

expansion of tau into the neocortex, emphasizing the potential of LC intensityr as marker of 

disease progression, in particular in the preclinical phase of ADAD.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Locus coeruleus (LC) integrity declines 12 years before clinical onset in 

ADAD

• LC integrity declines earlier and faster in ADAD as compared to sporadic AD

• Reductions in LC integrity predict expansion of cortical tau in PSEN1 carriers

• Lower LC integrity is associated with worse memory performance in 

PSEN1carriers

• Lower LC integrity is a promising early prognostic indicator in preclinical 

ADAD
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Research in context

Systematic review:

We searched PubMed for literature on imaging of the locus coeruleus (LC), tau, memory 

and Alzheimer’s disease (AD). Prior studies suggest that the LC is affected very early in 

the disease process and that structural integrity of the LC may be related to these early 

pathological processes.

Interpretation:

Dedicated imaging of the LC revealed changes 12 years before clinical onset. Reduction 

in LC integrity predicted increases in cortical tau over 24 months. These findings confirm 

that LC integrity may be a proxy of tau-related processes and support LC integrity as 

marker of disease progression in preclinical autosomal dominant AD (ADAD).

Future directions:

Findings highlight the promise of LC integrity as indicator of disease progression starting 

in the preclinical phase of ADAD. Further work is needed to clarify the directionality 

and mechanism of tau spreading, and its associations with downstream processes, such as 

neurodegeneration and cognitive decline.
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Figure 1: Relationship between LC intensityr, group and age
Note: A) Boxplot showing group differences in LC intensityr: impaired carriers had lower 

LC intensityr values compared to unimpaired carriers and noncarriers individuals. B) 
Across the entire group, we observed a nonlinear association with LC intensityr (n=54). 

C) Noncarriers show a positive age-relationship with LC intensityr, while carriers show 

a negative age-relationship with the peak indicated by the dashed line (31.5 years). D) 
Distribution of PiB DVR and entorhinal FTP SUVr before (unadjusted) and after matching 

(adjusted) of the carriers (red) and the independent healthy sample (green). Proportion 

represents the relative frequency of subjects at a given level of biomarker burden. E) 
Comparison of the relationship between age and LC intensityr of carriers and a matched 

older group. Direction of the slope was similar, though the slope was steeper in the carriers. 

Shaded regions show the 95% confidence interval. Red diamond markers indicate the 

impaired carriers. Abbreviations: EYO = estimated years of onset
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Figure 2: Associations between LC intensityr and tau binding
Note: A) ROI-based group differences (carriers n=27, noncarriers n=27) in the association 

between LC intensityr and FTP binding in the entorhinal cortex, inferior temporal cortex 

or the precuneus. PET-data was here partial volume corrected using the GTM-method. 

Shaded regions show the 95% confidence interval. B) Cortical vertex-wise FTP associations 

with LC intensityr in all carriers (n=27) C) Vertex-wise correlations with LC intensityr in 

the unimpaired carriers (n=19). Only negative associations were observed. The scale bar 

reflects the magnitude of the associations (green: greater effect size; blue: smaller effect 

size). Threshold was set at a cluster-corrected threshold of p<0.01 (expressed as -log10, min. 

cluster size of 120mm2). PET surface data was adjusted for partial volume effects using the 

extended Müller-Gartner method. Abbreviations: L=left; R=right.

Jacobs et al. Page 17

Alzheimers Dement. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Associations between LC intensityr and Aβ deposition
Note: A) ROI-based group differences (carriers n=26, noncarriers n=27) in the association 

between LC intensityr and neocortical PiB binding. Shaded regions show the 95% 

confidence interval. B) Cortical vertex-wise PiB associations with LC intensityr in all 

carriers (n=26). Only negative associations were observed. The scale bar reflects the 

magnitude of the associations (green: greater effect size; blue: smaller effect size). Threshold 

was set at a cluster-corrected threshold of p<0.01 (expressed as -log10, min. cluster size of 

120mm2). Abbreviations: L=left; R=right
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Figure 4: Associations between LC intensityr and memory performance
Note: A) Differences between carriers (n=26) and noncarriers (n=27) in the association 

between LC intensityr and memory (left: learning, right: delayed recall). Shaded regions 

show the 95% confidence interval. B) Quasi-Bayesian Monte Carlo Mediation results: 

vertex-wise analyses showing which tau regions (FTP SUVr, PVC) mediated the 

relationship between LC intensityr and memory in the carriers (n=26). Analyses were 

corrected for multiple comparisons using a cluster-wise correction at p<0.01. The scale 

bar reflects the magnitude of the probability of the indirect (mediation) effect (expressed 

in -log10(p-value); yellow: greater; red: smaller). C) ROI-based analyses (precuneus) 

confirming that precuneus FTP (SUVr, PVC) mediates the relationship between LC 

intensityr and memory. Abbreviations: WLL= word list learning, L=left, R=right
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Figure 5: Associations between change in LC intensityr and change in tau pathology
Note: A) ROI-based associations between change in LC intensityr and FTP binding in 

the entorhinal cortex, inferior temporal cortex or the precuneus in the carriers (n=10). 

PET-data was partial volume corrected using the GTM-method. P-values in black refer 

to all carriers, in blue to the unimpaired carriers. B) Cortical vertex-wise FTP repeated 

measure correlations with LC intensityr over two time points in all carriers (n=10) and in 

the C) unimpaired carriers (n=7). The scale bar reflects the magnitude of the associations 

(green: greater effect size; blue: smaller effect size). Threshold was set at a cluster-corrected 

threshold of p<0.05 (expressed as -log10, min. cluster size of 120mm2). PET surface 

data was adjusted for partial volume effects using the extended Müller-Gartner method. 

Abbreviations: L=left; R=right.
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Table 1:

Demographics of the carriers and noncarriers

Unimpaired Carriers 
(n=19)

Impaired Carriers 
(n=8) Noncarriers (n=27)

p-value

All C vs NC UnimpC vs 
NC

Age (years) 35.70 [31.75, 39.75] 45.88 [45.13, 46.38] 35.75 [32.38, 40.38] 0.10 0.88

(entire range) [28.5, 46.75] [44.0, 49.25] [28.5, 47.25]

Sex (n, % females) 10 (52.63%) 6 (75%) 17 (62.96%) 1 0.55

Education (years) 11 [5.0, 12.5] 6^ [4.5, 12.0] 12.00 [10, 15] 0.06 0.12

MMSE score 28.0 [27.50, 29.0] 24.5 [21.75, 25.50] 29.0 [28.0, 30.0] <0.001 0.05

FAST score 1.0 [1.0,1.5] 3.0 [3.0,3.0] 1.0 [10,1.0] 0.004 0.11

CERAD – word list total 
learning score

19 [14.50, 20.5] 11.5 [8.75, 13.25] 23 [19.50, 24.00] <0.001 0.003

CERAD – word list 
delayed recall score

6.00 [5.00,8.00] 1.00 [0.75, 4.00] 8.00 [7.00, 9.00] <0.001 0.002

Neocortical PiB (DVR) 1.25^ [1.14, 1.34] 1.58 [1.49, 1.61] 1.05 [1.032, 1.065] <0.001 <0.001

PiB positive (n, %) 11 (61%) 8 (100%) 0 (0%) <0.001 <0.001

LC intensityr 1.33 [1.29,1.34] 1.28 [1.24,1.30] 1.32 [1.28, 1.36] 0.31 0.98

n=7 Follow-up n=3

PET Follow-up time 
(years)

2.00 [2.00, 3.13] 1.75 [1.50, 2.88]

Note: Group comparisons were performed with the Wilcoxon-signed rank test or the Fisher exact test. Demographics are expressed in median and 
interquartile interval for continuous variables and frequencies (n, %) for dichotomous variables.

^:
1 missing value.

Abbreviations: MMSE=Mini Mental State Examination, FAST=Functional Assessment Staging Tool, CERAD=Consortium to Establish a Registry 
for Alzheimer’s Disease, PiB=Pittsburgh Compound B, DVR=Distribution volume ratio, LC=Locus Coeruleus, C=Carrier, NC=Noncarrier, 
UnimpC=Unimpaired Carrier.
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