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Abstract
Background

Amygdala shows early vulnerability in Alzheimer’s disease (AD), although its substructures have been
less studied than hippocampal subfields. Neuropathological evidence suggests that tau pathology
affects amygdala subnuclei differentially, yet in vivo characterization of subregional amygdala atrophy,
its relationship with tau burden, blood-based biomarkers, and cognitive outcomes across the AD
continuum remains limited. Clarifying whether amygdala degeneration follows a homogeneous or
regionally selective pattern, how it relates to plasma tau biomarkers, and whether it has functional
consequences is essential for improving early detection and disease modeling.

Methods

The study analyzed data from 197 participants, including 71 AB-negative cognitively normal individuals
(AB - CN), 31 AB-positive cognitively normal individuals (AB + CN), and 95 AB-positive cognitively
impaired individuals (AB + Cl). All participants underwent T1-weighted MRI, ['8F]-MK-6240 tau PET
imaging, comprehensive neuropsychological assessment, and plasma pTau181 and pTau217 and
AB42/40 analyses. Amygdala subregion volumes and tau standardized uptake value ratios (SUVr) were
extracted using FreeSurfer-based segmentation and classified into basal, centro-medial, and lateral
amygdala subregions. Regional amygdala volumes and SUVr were compared across groups and
examined for associations with plasma tau biomarkers and cognitive performance. Mediation analyses
assessed whether subregional amygdala atrophy mediated the relationship between tau pathology and
cognition.

Results

Pronounced regional heterogeneity was observed within the amygdala. Atrophy of the centro-medial
subregion was detectable at the preclinical stage of AD, preceding cognitive impairment. This
vulnerability was not associated with a higher local tau burden. However, lower centro-medial amygdala
volume was significantly associated with higher plasma pTau181 and pTau217 levels, as well as with
lower memory and executive scores. Mediation analyses demonstrated that centro-medial amygdala
volume mediated the effect of tau pathology on memory performance.

Conclusion

These findings suggest that amygdala involvement in AD is regionally heterogeneous, appears early in
the AD continuum, and has clinically significant cognitive consequences. Subregional quantification of
the amygdala, particularly when combined with plasma pTau biomarkers, may provide sensitive early
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indicators of disease-related neurodegeneration, reflect network-level vulnerability, and improve
understanding of cognitive decline, confirming its potential utility as a biomarker in AD research and
clinical practice.

1. Background

Alzheimer’s disease (AD) is characterized by progressive cognitive decline and the accumulation of
amyloid-beta (AB) plaques and neurofibrillary tau tangles (NFTs) [1]. Among these pathological
hallmarks, tau tangles are particularly closely linked to brain atrophy [2] and subsequent cognitive
decline [3-5]. NFTs initially accumulate in the medial temporal lobe (MTL), including the transentorhinal
cortex, entorhinal cortex, hippocampus, and amygdala, making this region critical in the early stages of
AD pathology [6, 7].

Despite the early involvement of the entire MTL, most research on early AD has focused on the
hippocampus (including hippocampal subfields) and the entorhinal and transentorhinal cortices [5, 8-
13]. This focus is likely driven by their essential role in memory, the first cognitive domain affected in
typical AD [1]. In contrast, the amygdala has been relatively understudied, despite being affected early in
the disease process [14]. Studies have shown that the amygdala accumulates tau pathology early in AD
[6, 15—-20], at a similar stage to the hippocampus and entorhinal cortex [6, 14]. Atrophy of the amygdala
has also been reported in preclinical AD stages [21-23]. Importantly, this atrophy appears to be
heterogeneous across its subregions [21, 22], with the centro-medial nuclei potentially atrophying earlier
[22]. Postmortem studies indicate that tau deposition also preferentially targets centro-medial amygdala
[21, 24-27], suggesting a biological basis for this nonuniform vulnerability.

These observations raise the question of whether amygdala atrophy and tau pathology in AD are
homogeneous across subnuclei or show regional heterogeneity, which can now be investigated in vivo
using volumetric MRI and tau PET imaging [28, 29].

Besides imaging, recent advances in blood-based biomarkers allow very early detection of AD-related tau
pathology, even before symptom onset [30, 31], and may help predict regional vulnerability within the
amygdala. While pTau181 and pTau217 robustly relate to hippocampal volume and hippocampal atrophy
over time [30, 32-34], only a few studies have investigated their associations with hippocampal subfield
volumes [35, 36]. Investigation of subregion-specific amygdala atrophy has been even more limited, and
whether plasma biomarkers can predict subregion-specific amygdala atrophy remains largely unknown.

Finally, although amygdala atrophy and amygdala tau pathology have been associated with memory

performance and global cognitive decline [21, 29, 37-42], few studies have specifically examined the
contributions of individual subregions to cognitive outcomes [29]. Thus, it remains unclear how early,
subregion-specific atrophy may relate to functional deficits in AD.

These gaps lead to three key questions: (1) whether amygdala atrophy and tau pathology occur
homogeneously or show regional heterogeneity across subnuclei in AD, (2) whether blood-based plasma
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biomarkers can predict subregion-specific amygdala atrophy, and (3) whether subregion-specific atrophy
within the amygdala has measurable consequences for cognitive performance.

2. Methods
2.1. Participants

Non-demented older adults were enrolled in a study conducted at UCLouvain, Brussels, Belgium.
Patients were recruited through the memory clinic of Cliniques Universitaires Saint-Luc, and volunteers
were recruited from other studies via mailbox announcements in the hospital’s neighborhood. Volunteers
were selected from this pool to enrich the proportion of apolipoprotein E (APOE) €4 carriers, thereby
matching the observed frequency of APOE €4 carriage in patients. Exclusion criteria for both patients
and volunteers included focal brain lesions, epileptic seizures, major depression or other psychiatric
disorders, and alcohol or drug abuse. Informed consent was obtained from all participants in
accordance with the principles of the Declaration of Helsinki. Ethical approval for the study was granted
by the UCLouvain Ethics Committee (13 May 2019; Eudra-CT number 2018-0034/73-94).

2.2. Neuropsychological assessment

Each participant underwent a neuropsychological assessment evaluating four cognitive domains:
memory, language, executive functions, and visuospatial functions. Memory was assessed with the Free
and Cued Selective Reminding Test, French version [43]. Language was assessed with the Lexis Naming
Test, the Category Fluency Test for animals, and the Letter Fluency Test for the letter “P” [44]. Executive
functions were evaluated using the Trail Making Test and Luria’s Graphic Sequences (French
adaptations, unpublished), and visuospatial functions were assessed with the Clock Drawing Test and
the Praxis subtest of the CERAD battery [45, 46]. Composite scores (Z-scores) were computed based on
three measures for each cognitive domain, by referring to an independent sample of 32 AB- individuals
who remained globally cognitively stable (as defined by a MMSE = 26/30) over 8 years follow-up period
(data collected in UCL-2010-412 study, see [47]).

A domain was considered impaired when the corresponding Z-score fell below - 1.5 SD. Participants
were classified as having cognitive impairment (Cl) if they had a Mini-Mental State Examination (MMSE)
score = 24/30 and at least one impaired cognitive domain, or as cognitively normal (CN) if MMSE > 24/30
and all four domains were above - 1.5 SD.

2.3. AB status

AB status was determined by lumbar puncture or by AB-PET using either ['8F]Flutemetamol (n = 85) or
["c]Pittsburgh compound B ([''C]PiB) (n = 32). In cerebrospinal fluid (CSF), amyloid-B42 (AB42) and
pTau181 were measured using Lumipulse automated assays (n = 80). AB-PET quantification followed the
Centiloid AB-PET [48], using the whole cerebellum as the reference region. AB status was considered
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positive if at least one of the following conditions was met: Centiloid > 21 or CSF AB42 < 437 pg/ml; or
CSF AB42 < 650 pg/ml combined with CSF P-tau > 61 pg/ml [49, 50].

In total, 197 participants were included and categorized according to bioclinical classification based on
AB status and neuropsychological evaluation: AB - CN (n=71), AB+CN (n=31), and AR+ Cl (n =95). AB
- CN individuals who showed visually positive ['8FIMK-6240 Tau-PET exam were excluded from the
analysis, as they do not cover the AD spectrum but might represent non-AD pathologies as Primary-Age
Related Tauopathy (n=9) [51, 52]

2.4. MRI

Three-dimensional T1-weighted MRI sequences were acquired on a 3 Tesla scanner (GE Signa Premier
3T, GE Healthcare, Chicago, IL) equipped with a 48-channel phased-array head coil. Two acquisition
protocols were used, with the first applied to the initial 60 participants who underwent 3D T1 MRI as part
of a European study that was not extended to the remainder of the present cohort.

For acquisition protocol 1, 196 slices were collected using the following parameters: repetition time (TR)
=7.2 ms, echo time (TE) =2.9 ms, flip angle = 11°, slice thickness = 1.2 mm, field of view (FOV) =270 x
270 mm?, acquisition matrix = 256 x 256, and acquired voxel size =1.05 x 1.05 x 1.2 mm?.

For acquisition protocol 2, 156 slices were collected using the following parameters: TR =2188 ms, TE =
2.9 ms, inversion time = 900 ms (MPRAGE), flip angle = 8°, slice thickness =1 mm, FOV =256 x 256 mm?,
acquisition matrix = 256 x 256, and acquired voxel size =1 x 1 x T mm3.

When available (n =177 of 197 participants), a 3D T2-weighted MRI scan was also acquired to improve
the segmentation of amygdala subnuclei.

Subcortical segmentation and cortical parcellation of structural MRI data were performed using
FreeSurfer v7.2 [53]. First, FreeSurfer standard recon-all steps were applied to the individual structural
data of all participants. Detailed segmentation was then performed for the amygdala subnuclei. The
amygdala was first divided into nine subnuclei, including the lateral nucleus, basal nucleus, accessory
basal nucleus, medial nucleus, central nucleus, paralaminar nucleus, cortical nucleus, cortico-
amygdaloid transition, and anterior amygdala area [28]. Smaller subnuclei were then grouped to form the
centro-medial amygdala, including the cortical, central, medial, and accessory basal nuclei, following
previous work showing that the volumes of these subnuclei were associated with tau-PET signal in the
ADNI database (Fig. 1 [23]). This centro-medial subdivision corresponds to a previously described
anatomo-functional grouping of the amygdala [54]. Importantly, it encompasses nuclei reported to show
early tau deposition, as well as nuclei structurally connected to brain regions exhibiting early NFT
accumulation [14]. All regions were averaged over the left and right hemispheres.

(A) Original segmentation provided by FreeSurfer. (B) Grouping of subnuclei used in the present study to
form the centromedial amygdala.
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2.5. ['8F]MK-6240 Tau-PET

["8F]MK-6240 (Lantheus Inc.) is an investigational second-generation tracer for imaging cerebral tau
tangles. Radiosynthesis was performed at KU Leuven, and the radiotracer was delivered to our clinic
within one hour. Ninety minutes after intravenous administration of ['8FIMK-6240 (target activity 185+ 5
MBq), a 30-minute dynamic list-mode acquisition was performed on a Philips Vereos digital PET/CT
scanner (Philips Healthcare). Images were reconstructed using the manufacturer’s algorithm, which
included attenuation, scatter, and decay corrections as well as time-of-flight information. Point spread
function (PSF) modeling and 1-mm reslicing were also applied to improve spatial resolution.

Tau-PET was co-registered with the corresponding T1-weighted MRI using the PetSurfer pipeline, a set of
tools within FreeSurfer for end-to-end integrated MRI-PET analysis. Standardized Uptake Value ratio
(SUVr) values for the amygdala and amygdala subnuclei were extracted using cerebellum gray matter as
a reference region. Amygdala SUVr was extracted using the Desikan-Killany atlas, while amygdala
subnuclei SUVr values were recomputed manually. For each participant, the tau-PET image coregistered
to the individual FreeSurfer amygdala subnuclei segmentation was loaded in MATLAB. The mean
standardized uptake value (SUV) was extracted for each amygdala subnucleus and for the whole
cerebellar cortex, which served as the reference region. The SUVr of each subnucleus was calculated as
the mean SUV in the region of interest divided by the mean SUV of the cerebellar cortex. Left and right
subnuclei were quantified separately and then combined into a weighted average based on the number
of voxels to obtain a bilateral value. The overall SUVr of each of the centro-medial amygdala subnuclei
was subsequently calculated as a weighted average of its subnuclei, with weights corresponding to the
number of voxels in each subnucleus. Tau SUVr data were missing for 11 AB + Cl individuals, either
because they missed the scanning session or due to acquisition-related issues. Of note, AR - CN
showing tau pathology (n =9, all Braak-like stage < 3) were not included in this study as they might
represent primary age-related tauopathy (PART) [52, 55, 56].

2.6. Blood-based biomarkers

Blood was collected in K,-EDTA tubes, independently of fasting status, centrifuged at room temperature
at 2500 g for 10 min, and plasma aliquots were frozen at -80°C within 2 hours. After 1 hour of thawing at
room temperature, plasma pTau217 was measured with the Lumipulse® G pTau217 Plasma RUO assay
(Fujirebio, Ghent, Belgium) using Lumipulse analyzers (G600Il). pTau181, AB42 and AB40 were measured
on a Simoa® SR-X (pTau-181 V2.1; Neurology 3-Plex A).

pTau217 data were missing for 4 AB- CN, 1 AB + CN and 31 AB + Cl individuals; pTau181 data were
missing for 6 AB- CN, 7 AB + CN and 32 AB + Cl individuals, while AB42/AB40 data were missing for 4 AB-
CN, 2 AB+CN and 31 AB + Cl individuals.

3. Statistical analysis
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First, demographic differences among the three groups (AB- CN, AB + CN, AB + Cl) were assessed using
Mann-Whitney tests for continuous variables and chi-square tests for categorical variables.

Next, group differences in amygdala subregion volumes and SUVr were assessed using linear regression
models followed by post-hoc contrast analyses, adjusting for age, sex, intracranial volume, and, when
appropriate, global amygdala volume or SUVr. Including global amygdala measures as a covariate
determined whether observed differences were independent of overall amygdala effect. Then, to
examine SUVr differences between subnuclei within each group, repeated measures ANOVAs were
performed across regions. These analyses were conducted separately within each group to account for
potential differences in overall tau distribution or atrophy patterns.

Subsequently, relationships between amygdala subregion volumes and SUVr with blood-based
biomarkers were investigated using partial Spearman correlations, controlling for age, sex, intracranial
volume, and global amygdala volume or SUVr. In parallel, the associations between amygdalar subnuclei
volumes and cognitive z-scores were computed using partial Spearman correlations, adjusting for age,
sex, years of education, and global amygdala volume.

Finally, to test whether the previously described association between tau pathology and cognition [3-5]
was mediated by atrophy of the amygdalar subnuclei, a mediation analysis was conducted. This model
evaluated whether the association between plasma biomarkers (p-tau181 or p-tau217) and cognitive
outcomes (memory or executive composite scores) was mediated by sequential variations in amygdala
Tau-PET SUVr and centro-medial amygdala volume, while adjusting for age, sex, and education. All
possible indirect pathways were tested. Total, direct, and indirect effects were estimated using a 5,000-
iteration bootstrapping procedure [57].

All analyses were performed using R version 4.2.2 (packages ppcor, emmeans, bda and lavaan) and FDR-
corrected for multiple comparisons.

4. Results
4.1. Demographics

The study included 197 participants, including 71 AB- cognitively normal (CN) individuals (36.4%), 31 AB
+ CN individuals (15.7%), and 95 AB + cognitively impaired (Cl) individuals (48.2%). The groups did not
differ in sex (p = 0.59) or intracranial volume (p = 0.1), but age differed significantly, with AB- CN
participants being younger than both AB + CN and AB + Cl participants (p < 0.01). APOE €4 carrier status
also differed between groups, with a significantly higher proportion of €4 carriers in the AR+ CN and A
+ Cl groups compared to the AB - CN group (p < 0.05). Level of education also differed, as A + Cl
participants had significantly fewer years of education compared to CN participants (p <0.01).

Regarding global cognitive performance, AB - and AB + CN individuals showed comparable Mini-Mental
State Examination (MMSE) scores, which were significantly higher than those of AB + Cl participants (p <
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0.0001). Across specific cognitive domains, AB + Cl participants exhibited lower memory, language,
executive, and visuospatial composite scores compared to both AB - CN and AB + CN individuals. In
addition, AB + CN participants showed lower executive functioning scores compared to A - CN
individuals ( p < 0.05).

AB + Cl participants also had higher levels of tau biomarkers, including Amygdala SUVr, pTau217, and
pTau181 than AB + CN participants (p < 0.0001), who in turn had higher levels than AB- CN participants
(p<0.0001).
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Table 1

Characteristics of the participants.

N AB-CN AB+CN AB+ClI Post-Hoc

comparisons
71 31 95

Age (years) 67.52 £ 8.49 73.68 £ 5.86 71.22+8.36 AB-CN<AB+CN=
AB +ClI

Sex (%F) 59.16 51.61 51.58 AB-CN=AB+CN=
AB +ClI

ApoE €4 carrier (%) 42.25 63.33 62.22 AB-CN<AB+CN=
AB +ClI

Education (years) 16.89 £3.38 17.2+3.38 14.92+3.79 AB-CN=AB+CN<
AB +ClI

MMSE 28.81+1.03 28.67 +1.02 24.49 + 3.63 AB-CN=AB+CN<
AB +Cl

Memory Z-score 0.21 0.04 -3.40 AB-CN=AB+CN<
AB +Cl

Langage Z-score -0.07 -0.01 -1.42 AB-CN=AB+CN<
AB+ClI

Executive Z-score 0.29 0.05 -1.48 AB-CN<AB+CN<
AB +ClI

Visuo-spatial Z-score 0.13 -0.10 -1.54 AB-CN=AB+CN<
AB +ClI

Total intracranial 1528643 + 1471849 1480840 + AB-CN=AB+CN=

volume (mm?3) 136167 162530 160699 AB +ClI

Amygdala Tau (SUVr) 0.66+0 .1 1.67 +0.66 2.02+0.85 AB-CN<AB+CN<
AB +ClI

Plasma pTau217 0.17+0.26 0.31+0.19 0.70x0.47 AB-CN<AB+CN<

(pg/mL) AB + Cl

Plasma pTau181 20.29+9.59 31.44+13.39 43.23+23.70 AB-CN<AB+CN<

(pg/mL) AB + Cl

Plasma Ab42/40 0.049+0.013 0.040 £ 0.009 0.041 £0.008 AB-CN>AB+CN=
AB +Cl

Differences between groups were assessed with the Mann—Whitney or Fisher tests. Symbol meanings:
“~” indicates no statistically significant difference (p > 0.05); “<” indicates a statistically significant
difference (p < 0.05), with the group on the left having lower values than the group on the right; “>"
indicates a statistically significant difference (p < 0.05), with the group on the left having higher values
than the group on the right.
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4.2. Prominent atrophy of the centro-medial amygdala
across the AD spectrum

We first aimed to investigate the heterogeneity of amygdala atrophy across the AD spectrum. Amygdala
subnuclei volumes were compared between groups, adjusting for age, sex, and intracranial volume. We
observed that the volume of the centro-medial amygdala subnuclei was significantly reduced in both CN
AB+ (B =23.49 mm?, p<0.05) and Cl AR+ (B =62.24 mm?, p < 0.0001) groups compared to CN AB-
individuals (Fig. 2). Basal and Lateral amygdala were only reduced in Cl AB + compared to CN ApB- (Basal:
Bpasal = 64.58 mMm3, py .4 < 0.0007; Lateral: Biateral = 73-61 MMS, Piaieral < 0-0007; Fig. 2). Furthermore, after
additionally controlling for global amygdala volume, the ClI AB + group still exhibited significantly lower
centro-medial amygdala volume (B = 13.85 mm3, p < 0.01), which was not the case for other amygdala
subnuclei, indicating that centro-medial amygdala atrophy was more pronounced than global amygdala
atrophy. Similar results were obtained when also adjusting for education.

Boxplots represent (A) global amygdala, (B) centro-medial amygdala, (C) basal amygdala, (D) lateral
amygdala volumes per group. This analysis includes 197 participants, including 71 AB- CN (green), 31
AB + CN (blue), and 95 AB + CI (orange) individuals. Reported p-values are p-values adjusted for age, sex,
and intracranial volume : *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Sample size (N): AB- CN =71,
AB+CN =31, A +Cl = 95.

4.3. Tau pathology does not preferentially deposit in the
centro-medial amygdala

To investigate whether the centro-medial amygdala atrophy was explained by a heterogeneous
distribution of tau pathology within the amygdala, we compared amygdala subnuclei SUVr between
groups, adjusting for age and sex. SUVr in all amygdala subnuclei progressively increased at each stage
of AD (CN AB +and Cl AB+; Fig. 3). When the model was adjusted for global amygdala SUVr, no group
differences remained significant.

However, within-group comparisons of subnuclei SUVr across regions revealed that in both CN AB + and
Cl AB + groups, the Basal amygdala showed higher tau-PET signals than other subnuclei (CN AR+ :
Lateral: Bjaieral = 0-32, Piateral < 0.01; centro-medial: Beentro-medial = 0-6, Peentro-medial < 0-01; Cl AB+ : Lateral:
Blateral = 0-84, Piateral < 0.0007; centro-medial: B.entro-medial = 0-971, Peentro-medial < 0-0001), and the global

amygdala (B = 0.6, p < 0.0001; Fig. 3), suggesting a heterogeneous distribution of tau pathology within
the amygdala, but not in the centro-medial amygdala, which was shown to be particularly atrophic
compared with other amygdala subregions.

Boxplots show SUVr values for global, centro-medial, basal, and lateral amygdala for each group: 71 AB-
CN (green), 31 AB + CN (blue), and 84 AB + Cl (orange) individuals. Reported p-values correspond to
comparisons across regions within each group, adjusted for age, sex, and intracranial volume: *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. Sample size (N): AB-CN =71, AB+CN =31, AR+ Cl =84.
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4.4. Blood pTau biomarkers predict centro-medial
amygdala atrophy, which mediates episodic memory
deficits

To examine the relationship between blood-based biomarkers and amygdala heterogeneity, we first
investigated partial Spearman correlations between plasma biomarkers and amygdala subnuclei
volumes. After adjusting for age, sex, education, and amygdala volume, only centro-medial amygdala
volume was significantly associated with pTau measures (Ryray217 = -0-21, Pyrau217 < 0.01; Ryray1gt =
-0.22, pyray1g1 < 0.0, Fig. 4A left) but not with the plasma AB42/40 ratio (R=0.10, p =0.23; Fig. 4A left).
In contrast, no blood-based biomarker correlated with amygdala subregion SUVr after adjusting for
global amygdala SUVTr (Fig. 4A left). In short, elevated pTau concentrations were associated with
subregional amygdala atrophy, but not with subregional tau-PET measurements.

We then examined partial Spearman correlations between amygdala subregional volumes and cognitive
performance(N = 197). We first examined correlations between amygdala subregion volumes and
cognitive Z-scores, adjusting for age, sex, education, and amygdala volume. We observed that the centro-
medial amygdala was associated with episodic memory (R =0.26, p < 0.05) and executive (R=0.21, p <
0.05) composite scores but not with visuospatial (R=0.16, p = 0.08) or language scores (R=0.15,p =
0.09; Fig. 4A right). In contrast, the volume of the other amygdala subregions was not associated with
cognition after adjusting for global amygdala. Similar results were observed when adjusting for global
hippocampal volume/SUVr or entorhinal cortex volume/SUVr, which are involved in episodic memory
(Supplementary Figs. 1-2).

Heatmap of partial Spearman correlations between amygdala volumes or SUVr and blood-based
biomarkers (pTau217, pTau181, AB42/40) and cognitive z-scores (Memory, Language, Executive, Visuo-
spatial). Correlations were adjusted for age, sex, total intracranial volume, and global amygdala volume
or SUVr; correlations involving cognition were additionally adjusted for education. Each cell shows the R
value (green intensity = stronger correlation). Reported p-values: *p < 0.05; **p < 0.07; ***p < 0.001; ****p
<0.0001. Sample sizes (N): pTau217 =161, pTau181 =152, AB42/40 = 160, cognition & volumes = 197,
cognition & SUVR = 186.

After highlighting the association of centro-medial amygdala volume with both plasma pTau and
episodic memory performance, we aimed to test whether centro-medial amygdala volume could mediate
the effect of tau pathology on cognition. Both plasma pTau and amygdala Tau-PET SUVr were included
in the model, under the hypothesis that they may reflect distinct forms of tau pathology (circulating
versus aggregated). To this end, a double mediation model was performed, assessing the relationships
between plasma pTau (pTau181 or pTau217), amygdala Tau-PET SUVr, centro-medial amygdala volume,
and memory composite scores (Fig. 5). The results showed that plasma pTau was associated with
sequential variations, first in amygdala Tau-PET SUVr (Byrau181 model = “0-48; Bprau217 model = -0-53; p <

0.0001), which in turn was associated with lower centro-medial amygdala volume (Byray181 model = -0-41;
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BpTau217 model = -0-38; p < 0.0001). This sequence was finally associated with lower episodic memory
performance (Indirect a*b ;1ay181 model = -0-05; Indirect a*b ;1ay217 model = -0.06; p < 0.05). After
accounting for mediation, the direct association of pTau181 with memory composite score became
nonsignificant, whereas the direct association of pTau217 remained significant, indicating only partial
mediation by Tau-PET SUVr and centro-medial amygdala volume (Fig. 5). Notably, amygdala Tau-PET
SUVr fully mediated the effect of plasma pTau on centro-medial amygdala volume (Indirect a*b ;o141

model = '024, Indirect a*b pTau217 model = '026, both p'S < 00001)

When the same model was applied to the executive composite score, the mediation was not significant
(IndireCt a*b pTau181 model = -0.04, ppTau181 model = 0.14; Indirect a*b pTau217 model =~ -0.04; ppTau181 model =
0.17; Supplementary Fig. 3), suggesting that amygdala Tau-PET SUVr and centro-medial amygdala
volume do not explain the effect of plasma pTau on executive dysfunction.

Schematic representation of the mediation model examining the direct and indirect relationships among

plasma pTau, amygdala tau SUVr, centromedial amygdala volume, and memory performance. Solid black
lines indicate statistically significant pathways, whereas grey dotted lines represent alternative pathways
that were not statistically significant. The model was adjusted for age, sex, and education. Sample sizes

(N): 152

5. Discussion

In AD, amygdala exhibits early tau pathology and atrophy [6, 15-20, 22, 23] and is strongly associated
with cognitive decline [3, 29, 38, 42, 58]. However, the amygdala is a heterogeneous structure composed
of anatomically and functionally distinct subnuclei [40]. To determine whether these subnuclei are
differentially affected across the AD continuum, we investigated amygdala heterogeneity in terms of
atrophy and tau pathology, and their relationships with cognition and blood-based biomarkers, in
cognitively normal AB- individuals, preclinical AD, and symptomatic AD. We observed pronounced
heterogeneity in amygdala atrophy, with earlier and more severe involvement of the centro-medial
subregion compared with the basal and lateral nuclei. These findings align with prior neuropathological
and post-mortem neuroimaging studies [19, 21, 24, 25, 59, 60]. They extend our previous findings of
centro-medial amygdala atrophy in preclinical AD participants from ADNI [22] in a larger UCLouvain
dataset with plasma, cognition, and amygdala subnuclei PET data.

In this current in-vivo study, we aimed to examine whether the prominent atrophy of centro-medial
amygdala reflects a non-uniform distribution of tau pathology within the amygdala. We did not find
higher tau-PET signal in the centro-medial amygdala, but in the basal nucleus, in both preclinical and
symptomatic AD patients. This is consistent with a recent study in familial AD, also showing higher tau-
PET signal in the basal nucleus [29]. In contrast, neuropathological investigations, including recent three-
dimensional reconstructions, report greater tau deposition in the central, cortical, medial [24, 25, 59, 60]
and accessory basal nuclei [19, 21], precisely corresponding to the centro-medial meta region-of-interest
used in this work.
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Several factors may contribute to this apparent discrepancy. First, spatial resolution of PET (4x4x4 mm?)
may limit subnuclear quantification, making possible that the PET results are fortuitous. Second, off-
target binding might account for higher tau-PET signal in the basal than in the centro-medial amygdala.
However, basal amygdala tau-PET signal was low in AB-negative cognitively normal individuals, making
this hypothesis less likely. A more plausible explanation may reside in regional differences in
pathological deposition across amygdala subnuclei. In their seminal work, Braak and Braak (1991) [6]
described that “the corticomedial complex of the amygdala reveals the presence of many neuritic plaques,
while NFTs and neuropil threads predominate in the basolateral nuclei.” Although tau-PET tracers are
known to bind to both NFTs and dystrophic neurites within neuritic plaques [61], no study has formally
assessed whether these two neuropathological substrates contribute equally to the in vivo tau-PET
signal or MTL atrophy.

Building on these observations, the second aim of this study was to determine whether plasma
biomarkers could capture the mechanisms underlying the selective vulnerability of the centro-medial
amygdala. Plasma pTau181 and pTau217 concentrations, but not the AB42/40 ratio, were associated
with reduced centro-medial amygdala volume, confirming that plasma pTau markers more closely reflect
neurodegeneration than amyloid plasma markers. These findings are consistent with the established
view that tau pathology is more directly related to neuronal loss and brain atrophy than amyloid
pathology [2, 4, 62, 63]. Atrophy of the centro-medial amygdala was also related to cognitive deficits
observed in AD. Specifically, centro-medial amygdala volume (but not the volumes of other amygdala
subregions) was associated with both episodic memory and executive composite z-scores. This pattern
supports a specific contribution of the centro-medial amygdala to cognitive performance and aligns with
prior reports implicating the amygdala in episodic memory and executive processes [3, 29, 42]. The
amygdala, particularly the medial nucleus, is also involved in affective symptoms such as depression
and anxiety [64]. Although major depressive disorder was an exclusion criterion in the present study,
minor depression is common in AD [65] and has been associated with tau pathology in the amygdala
[29]. Such affective symptoms may therefore partly contribute to the observed associations between
centro-medial amygdala volume and cognitive performance and cannot be fully excluded as a potential
contributing factor.

Importantly, the centro-medial amygdala volume appeared to play a key intermediary role in the
relationship between tau pathology and memory decline. The association between plasma pTau levels
and memory performance was mediated by tau aggregation within the amygdala, as measured by
amygdala tau PET SUVr, and by subsequent centro-medial amygdala atrophy. These findings support a
sequential model in which increased plasma pTau precedes tau aggregation within the amygdala
detectable by PET imaging, which in turn leads to cognitive impairment and regional volume loss [66,
67]. While the relationship between pTau181 and memory performance was fully mediated by amygdala
tau PET uptake and centro-medial amygdala volume, the association involving pTau217 was only
partially mediated. This suggests that pTau217 may capture additional pathological processes not fully
reflected by amygdala tau PET imaging.
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While previous studies have linked amygdala alterations to memory performance, our findings indicate
that these associations may be driven specifically by the centro-medial subregion, potentially through its
strong anatomical and functional connections with the entorhinal cortex and hippocampus [68, 69]. This
selective vulnerability likely reflects a combination of local neuronal properties and network-level
features, including connectivity patterns. By contrast, although prior studies have reported associations
between the amygdala and executive functions, our findings indicate that the effect of tau pathology on
executive performance is not mediated by amygdala involvement, either in terms of tau burden or
volume loss. This observation is consistent with the predominant role of other brain regions, e.g.,
prefrontal cortical networks, rather than the amygdala or the medial temporal lobe in executive
functioning [70].

Taken together, these results suggest that combining plasma pTau biomarkers with MRI-derived
measures of centro-medial amygdala atrophy may provide an accessible early-warning signal for
preclinical AD, limiting the need for PET imaging to the most at-risk CN older adults.

5.1. Limitations and future perspectives

Technical limitations include automated segmentation at 1 mm? MRI resolution, co-registered with PET
images at 4x4x4 mm?3, precluding direct visualization of amygdala subnuclei using PET. Future studies
using ultra-high-field MRI (7T or above) or novel PET instruments providing higher spatial resolution
could refine subnuclear volumetry and validate segmentation algorithms.

Additionally, our cohort is not representative of the general population. It was enriched in APOE €4
carriers among cognitively normal participants, which may limit the generalizability of the findings.
Moreover, the sample predominantly consisted of highly educated White/Caucasian individuals, further
restricting the extent to which these results can be extrapolated to more diverse populations.

Additional limitations include the lack of neuropsychiatric (including depression and anxiety) and
olfactory assessments; given the amygdala’s role in emotion and olfaction [14, 69], it would be valuable
to determine whether centro-medial atrophy predicts early behavioral or sensory deficits. Future studies
should also consider the amygdala within its functional networks to improve our understanding of how
tau pathology and atrophy spread within the medial temporal lobe in AD.

Importantly, longitudinal studies are needed to determine whether trajectories of centro-medial versus
basal/lateral amygdala atrophy can predict clinical progression from preclinical AD to MCI and from MCI
to AD dementia [21].

5.2. Conclusion

Overall, our results demonstrate that amygdala involvement in AD is heterogeneous, detectable from the
preclinical stage, and has a clinical impact on cognition. Subregional amygdala quantification,
particularly when combined with plasma pTau biomarkers, may provide early-warning signals of disease,
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highlight network-level vulnerability, and improve predictive models of progression, supporting its
potential as a biomarker in AD research and clinical practice.
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Figure 1

lllustration and comparison of amygdala segmentation.

(A) Original segmentation provided by FreeSurfer. (B) Grouping of subnuclei used in the present study to
form the centromedial amygdala.
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Figure 2

Amygdala volumes differences across bioclinical groups.

Page 23/27



Boxplots represent (A) global amygdala, (B) centro-medial amygdala, (C) basal amygdala, (D) lateral
amygdala volumes per group. This analysis includes 197 participants, including 71 AB- CN (green), 31
AB+ CN (blue), and 95 AB+ Cl (orange) individuals. Reported p-values are p-values adjusted for age, sex,

and intracranial volume : *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Sample size (N): AB-CN =71,
AB+ CN =31, AB+ Cl = 95.
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Figure 3

Tau-SUVr differences across amygdala subregions, stratified by bioclinical group.

Boxplots show SUVr values for global, centro-medial, basal, and lateral amygdala for each group: 71 AB-
CN (green), 31 AR+ CN (blue), and 84 AR+ Cl (orange) individuals. Reported p-values correspond to
comparisons across regions within each group, adjusted for age, sex, and intracranial volume: *p < 0.05;
**p < 0.07; ***p < 0.001; ****p < 0.0001. Sample size (N): AB- CN =71, AB+ CN = 31, AR+ Cl = 84.
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Relationships between amygdala subnuclei, SUVR, plasma biomarkers, and cognition.

Heatmap of partial Spearman correlations between amygdala volumes or SUVr and blood-based
biomarkers (pTau217, pTau181, AB42/40) and cognitive z-scores (Memory, Language, Executive, Visuo-
spatial). Correlations were adjusted for age, sex, total intracranial volume, and global amygdala volume
or SUVr; correlations involving cognition were additionally adjusted for education. Each cell shows the R
value (green intensity = stronger correlation). Reported p-values: *p < 0.05; **p < 0.01; ***p < 0.007; ****p
< 0.0001. Sample sizes (N): pTau217 = 161, pTau181 = 152, AB42/40 = 160, cognition & volumes = 197,
cognition & SUVR = 186.
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Figure 5

Mediation model pathways relating plasma pTau, amygdala tau SUVr, centromedial amygdala volume,
and memory.

Schematic representation of the mediation model examining the direct and indirect relationships among

plasma pTau, amygdala tau SUVr, centromedial amygdala volume, and memory performance. Solid black
lines indicate statistically significant pathways, whereas grey dotted lines represent alternative pathways

that were not statistically significant. The model was adjusted for age, sex, and education. Sample sizes

(N): 152
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