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A B S T R A C T   

Introduction: The hippocampus is the most prominent single region of interest (ROI) for the diagnosis and pre
diction of Alzheimer’s disease (AD). However, its suitability in the earliest stages of cognitive decline, i.e., 
subjective cognitive decline (SCD), remains uncertain which warrants the pursuit of alternative or comple
mentary regions. The amygdala might be a promising candidate, given its implication in memory as well as other 
psychiatric disorders, e.g. depression and anxiety, which are prevalent in SCD. In this 7 tesla (T) magnetic 
resonance imaging (MRI) study, we aimed to compare the contribution of volumetric measurements of the 
hippocampus, the amygdala, and their respective subfields, for early diagnosis and prediction in an AD-related 
study population. 
Methods: Participants from a longitudinal study were grouped into SCD (n = 29), mild cognitive impairment 
(MCI, n = 23), AD (n = 22) and healthy control (HC, n = 31). All participants underwent 7T MRI at baseline and 
extensive neuropsychological testing at up to three visits (baseline n = 105, 1-year n = 78, 3-year n = 39). 
Analysis of covariance (ANCOVA) was used to assess group differences of baseline volumes of the amygdala and 
the hippocampus and their subfields. Linear mixed models were used to estimate the effects of baseline volumes 
on yearly changes of a z-scaled memory score. All models were adjusted to age, sex and education. 
Results: Compared to the HC group, individuals with SCD showed smaller amygdala ROI volumes (range across 
subfields − 11% to − 1%), but not hippocampus ROI volumes (-2% to 1%) except for the hippocampus-amygdala- 
transition-area (-7%). However, cross-sectional associations between baseline memory and volumes were smaller 
for amygdala ROIs (std. ß [95% CI] ranging between 0.16 [0.08; 0.25] and 0.46 [0.31; 0.60]) than hippocampus 
ROIs (between 0.32 [0.19; 0.44] and 0.53 [0.40; 0.67]). Further, the association of baseline volumes with yearly 
memory change in the HC and SCD groups was similarly weak for amygdala ROIs and hippocampus ROIs. In the 
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MCI group, volumes of amygdala ROIs were associated with a relevant yearly memory decline [95% CI] ranging 
between − 0.12 [− 0.24; 0.00] and − 0.26 [− 0.42; − 0.09] for individuals with 20% smaller volumes than the HC 
group. However, effects were stronger for hippocampus ROIs with a corresponding yearly memory decline 
ranging between − 0.21 [− 0.35; − 0.07] and − 0.31 [− 0.50; − 0.13]. 
Conclusion: Volumes of amygdala ROIs, as determined by 7T MRI, might contribute to objectively and non- 
invasively identify patients with SCD, and thus aid early diagnosis and treatment of individuals at risk to 
develop dementia due to AD, however associations with other psychiatric disorders should be evaluated in 
further studies. The amygdala’s value in the prediction of longitudinal memory changes in the SCD group re
mains questionable. Primarily in patients with MCI, memory decline over 3 years appears to be more strongly 
associated with volumes of hippocampus ROIs than amygdala ROIs.   

1. Introduction 

Individuals with subjective cognitive decline (SCD) and patients with 
mild cognitive impairment (MCI) are known to be at elevated risk to 
develop dementia due to Alzheimer’s disease (AD) (Mitchell et al., 
2014). The early identification of SCD and MCI and the detection of 
those individuals that eventually will experience severe cognitive 
decline is crucial to apply preventive and early therapeutic strategies. 
Current diagnostic tools for the accurate prediction of cognitive decline 
due to AD, such as collection of cerebrospinal fluid or positron emission 
tomography, are highly invasive. Alternative or complementary ap
proaches are therefore needed. 

A diagnostic tool that has been explored in numerous studies is 
magnetic resonance imaging (MRI). The most prominent single region 
targeted so far is the hippocampus, a key region for memory functions 
that shows major atrophy in MCI and AD (Shi et al., 2009). Several 
studies have pointed to a diagnostic and predictive value of volumetric 
measurements of the hippocampus in the context of AD. Baseline vol
umes of the whole hippocampus are suggested to predict future memory 
decline in patients with MCI (Kovacevic et al., 2009; Wei et al., 2018) 
and AD-like patterns of hippocampus atrophy can already be found in 
individuals with SCD (Perrotin et al., 2015; Wang et al., 2020). 

The measurement of hippocampus volumes is nevertheless not suf
ficient to serve as a stand-alone diagnostic tool for individuals with SCD 
and MCI. A review from Lombardi et al. (2020) reported that the ac
curacy of whole hippocampus volume for early diagnosis of AD in people 
with MCI was heterogeneous with sensitivities ranging between 0.28 
and 1.00 and specificities between 0.43 and 0.94. Although previous 
studies found reduced hippocampus volumes in individuals with SCD 
(Hafkemeijer et al., 2013; Striepens et al., 2010; Yue et al., 2018), others 
were not able to reproduce these findings (Fan et al., 2018; Ryu et al., 
2017). The lack of consensus in volumetric measurements of the hip
pocampus especially, but not exclusively, in SCD participants warrants 
the pursuit of a more suitable region. 

The amygdala is strongly connected with the hippocampus and 
similarly affected by early degeneration in the course of AD pathology 
(Brady and Mufson, 1990). Besides memory formation, the amygdala 
seems to play a major role in psychiatric conditions such as depression 
and anxiety which are prevalent in SCD (LeDoux, 2007). The amygdala 
could therefore be relevant to identify individuals with SCD who, by 
definition, experience persistent decline in memory function and asso
ciated rumination and worries (Jessen et al., 2020). Significantly smaller 
volumes of the whole amygdala compared to cognitively healthy control 
participants (HC) have been reported for individuals with MCI (Nunes 
et al., 2010; Poulin et al., 2011; Yue et al., 2018). Moreover, amygdala 
volume was shown to be associated with memory decline over time in 
longitudinal studies of MCI cohorts (Kovacevic et al., 2009; Wei et al., 
2018). Similar to the hippocampus, studies examining amygdala vol
umes in SCD cohorts reached inconsistent results. While some studies 
reported reduced amygdala volumes in individuals with SCD (Kim et al., 
2013; Schultz et al., 2015; Striepens et al., 2010; Yue et al., 2018) others 
did not (Hafkemeijer et al., 2013; Rogne et al., 2016). 

The lack of consensus concerning volumetric measurements of the 
hippocampus and the amygdala in individuals with SCD might be due to 

the variety of methodological approaches including uncertainties in 
cognitive measures, distinct criteria for the inclusion of SCD partici
pants, and most importantly insufficient MRI resolution. It has been 
shown that only MRI at high resolution can provide volumetric mea
surements of small brain regions with satisfactory accuracy (Rhindress 
et al., 2015). Low field strengths might have restrained the exploitation 
of structural MRI of the amygdala, the hippocampus and particularly 
their subfields. 

In this study, we therefore performed T1-weighted MRI at 7 tesla (T) 
and extensive neuropsychological testing in a well-characterized cohort 
ranging from individuals with SCD, patients with MCI or dementia due 
to suspected AD, and HC participants. Ultrahigh field MRI allowed us to 
examine the amygdala down to its subfields and we hypothesized that 
their volumes have considerable contributions for 1) the identification 
of patients with (subjective) memory impairment and 2) the association 
with memory decline. Volumes of the hippocampus, its subfields and a 
control region, the precentral gyrus, were analyzed in parallel for 
comparison. 

2. Methods 

2.1. Study design 

This study used data from the projects 15HLT04 NeuroMET (Neu
roMET, 2016) and 18HLT09 NeuroMET2 (NeuroMET2, 2019) which 
both aimed to improve diagnosis and management of neurodegenerative 
diseases through high quality and standardized methods. By the time of 
the present analysis, the study population was tested at baseline and at 
up to 2 follow-up visits (1 and 3 years after baseline). All visits 
comprised a standardized medical interview, neurological examination, 
saliva collection and extensive neuropsychological testing performed at 
the Charité university hospital, Berlin, Germany. Further, participants 
underwent blood draw and 7T MRI and magnetic resonance spectros
copy at baseline and some follow-up visits.. The study was approved by 
the ethics committee of the Charité university hospital (EA1/197/16 
and EA2/121/19), and was conducted in accordance with the declara
tion of Helsinki. 

2.2. Participants 

All participants (n = 126) that were available from the NeuroMET 
longitudinal study by March 2022 were included in the present analysis. 
They were stratified into SCD, MCI, AD or HC. Besides severe or un
treated medical, neurological or psychiatric diseases which could 
potentially interfere with cognition, exclusion criteria comprised history 
of drug or alcohol abuse and eating disorder. All participants were 
native German speakers and gave informed written consent before 
participation in the study. All participants were right-handed, except for 
one individual who was ambidextrous and three who were left-handed. 

For the present analyses, we further excluded participants of the 
study population with severe depression, participants who dropped out 
because of a Parkinson’s diagnosis after baseline visits, participants with 
missing values for the memory composite score, and missing/low- 
quality structural MRI at baseline so that neither hippocampus nor 
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amygdala volumes could be quantified. After exclusion, the study pop
ulation consisted of 105 participants. 

In the AD group, the main reason for dropping out at follow-ups was 
the lack of ability to consent (n = 12 of 15 dropouts). Across the whole 
study population, the main reason for dropping out was a lack of interest 
in participation (n = 22 of a total of 38 dropouts). Other reasons were 
new severe diseases (n = 3) and death (n = 1). 

2.3. Memory assessment 

We combined four memory-related sub-scores from commonly used 
neuropsychological tests to one single score of memory performance, 
which has previously been described (van de Rest et al., 2008). Three of 
the sub-scores derived from the German version of the Rey Auditory 
Verbal Learning Test (AVLT, German “Verbaler Merk- und 
Lernfähigkeitstest”, Helmstaedter et al. (2001)): AVLT learning (sum of 
trial 1 to 5), AVLT delayed recall (sum of trial 7), AVLT recognition 
(difference between correctly and falsely recognized positive items). As 
a fourth sub-score, the sum of correctly answered backward sequences of 
the Digit Span test (Wechsler, 1981) was included. All sub-scores were z- 
transformed centered around the mean of the HC group, summed up and 
divided by 4, which resulted in a z-scaled score for memory 
performance. 

2.4. 7T MRI 

We acquired T1-weighted structural cerebral images on a 7T whole- 
body scanner (Magnetom 7T, Siemens Healthineers, Erlangen, Ger
many) using a 1TX/32RX head coil (NOVA Medical, Wilmington, USA). 
The scan protocol for the Magnetization-Prepared 2 Rapid Acquisition 
Gradient Echoes (MP2RAGE) sequence (Marques et al., 2010) included 
the following parameters: TR = 5000 ms, TE = 2.51 ms, TI1 = 900 ms 
und TI2 = 2700 ms, bandwidth 250 Hz/Pixel, α1 = 7◦, α2 = 5◦, FoV 240 
× 240 mm2, parallel acquisition with GRAPPA 2 (32 reference lines), 
resulting in 240 sagittal slices with a resolution of 0.75 × 0.75 × 0.75 
mm3 and an acquisition time of 11:17 ms. This rather long scan time was 
chosen in order to allow for high quality images with submillimeter 
resolution, which in turn enabled the detection of subtle differences in 
ROI volumes. A denoised reconstruction was created according to 
O’Brien et al. (2014). 

2.5. (Pre-)processing of MRI data 

Best segmentation results were achieved when a composed T1 
weighted image served as input for the in-house workflow based on 
NiPype (Gorgolewski et al., 2011). The complete (pre-)processing 
pipeline can be found on Github (Dell’Orco, 2022). Briefly, we com
bined the original and the denoised images to improve contrasts: the 
brain tissue was extracted from the bias field corrected original T1 
weighted image and the skull and background from its denoised 
reconstruction. The resulting image was used for cortical reconstruction 
and volumetric segmentation of the whole brain and hippocampus and 
amygdala subfields by the cross-sectional pipeline of the open source 
FreeSurfer 7.1.1 image analysis suite (Martinos Center for Biomedical 
Imaging, Massachusetts General Hospital, Boston, USA, http://surfer. 
nmr.mgh.harvard.edu/, Fischl (2012)). For this study, we selected the 
following regions of interest (ROIs): whole amygdala, lateral nucleus, 
basal nucleus, accessory basal nucleus, anterior amygdaloid area (AAA), 
central nucleus, medial nucleus, cortical nucleus, corticoamygdaloid 
transition area (CATA), paralaminar nucleus, whole hippocampus, 
cornu ammonis (CA) regions 1, CA3, CA4, molecular layer, subiculum, 
granule cell and molecular layer of the dentate gyrus (GC-ML-DG), 
hippocampus-amygdala-transition-area (HATA) and the precentral 
gyrus (motor cortex) as a control region. All FreeSurfer segmentations 
were visually inspected and incorrectly segmented ROIs were excluded 
from further analysis. All ROI volumes were adjusted to the individual 

total intracranial volumes (TIV) and normalized to the mean TIV of the 
HC group (mean TIV) according to the formula 

adjusted volume = raw volume-b×(TIV-mean TIV), 
where the coefficient b represents the slope of regression between the 

ROI volume and the TIV. This approach for volume adjustment was 
shown to be effective previously (Voevodskaya et al., 2014). 

2.6. Statistics 

Statistical analyses were performed using R v4.0.2 (R-Core-Team, 
2020), the lme4 (Bates et al., 2015), emmeans (Lenth, 2021), tidyverse 
(Hadley Wickham, 2019) and mice (van Buuren and Groothuis- 
Oudshoorn, 2011) packages. The full reproducible code is available 
elsewhere (Göschel, 2023). No adjustment for multiple testing between 
ROIs was applied except for Tukey post-hoc tests after group compari
sons as indicated below. Therefore, p-values have to be interpreted with 
caution. Interpretation of results is primarily based on effect estimates 
and corresponding 95% confidence intervals (CI). For all models 
assessing the relationships between ROI volume and memory perfor
mance, we transformed volume measures to a percentage scale where 10 
corresponded to the mean ROI volume of the HC group; 9 corresponded 
to 90% of the mean of the HC group, and so forth. This allowed us to 
compare the effects between ROIs independently of the distribution of 
this study sample. Therefore, all reported std. ß coefficients can be 
interpreted as the difference of memory performance for participants 
with 10% larger volumes. Figure A 2 visualizes the − 10% and − 20% 
marks in this AD-related cohort. 

2.6.1. Cross-sectional analyses 
Group differences for demographical data were calculated by ana

lyses of variance (ANOVA) for continuous variables and Pearson’s χ2- 
Test for nominal data. Age, sex and education adjusted means for 
memory at each time point were extracted from the linear mixed model 
described in the longitudinal analyses 2.6.2 and tested by post-hoc 
pairwise comparisons. Age, sex and education adjusted analyses of 
covariance (ANCOVA) were calculated to assess group differences for 
baseline ROI volumes. Tukey post-hoc pairwise comparisons of group 
means were computed. Using linear regression models adjusted to age, 
sex and education, we explored the relationship between each baseline 
ROI volume (independent variable) and memory at baseline (dependent 
variable). 

2.6.2. Longitudinal analyses 
Linear mixed models (random intercept models) adjusted for age, sex 

and education were calculated. First, memory (dependent variable) was 
modeled longitudinally including an interaction for time and group 
(time*group: independent variable). Second, two models to explore the 
association of each baseline ROI volume on memory changes (dependent 
variable) over time were computed for the total study sample (including 
an interaction of ROI_volume*time; model 1) and a more complex model 
with additional estimating group specific effects (including an interac
tion of group*time*ROI_volume; model 2): 

1. Model 1 (whole study population) memoryij = β0 + u0i + β1*ROI_
volumei*timeij + β2*agei + β3*sexi + β4*educationi + εij 

2. Model 2 (group-wise) memory ij = β0 + u0i + β1*ROI_volumei*ti
meij*groupi + β2*agei + β3*sexi + β4*educationi + εij 

with β0: intercept, u0i: residual for intercept for participant i, mem
oryij: memory of participant i at time j, ROI_volumei: volume of ROI of 
participant i at baseline, timeij: time point of measure at time j for 
participant i, agei: age of participant i at baseline, educationi: education 
of participant i at baseline, sexi: sex of participant i, group: group of 
participants i, εij: residual for participant i at time j. We refrained from 
drawing inferences from the results concerning the AD group because of 
the large amount of missing data not at random, i.e. the majority of 
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patients dropped out at follow-up visits due to severe advance in 
cognitive decline (informative missing, missing not at random, MNAR). 
Data from the AD group was however included for completeness. Ana
lyses for a multiple imputation model including methods for handling 
MNAR are shown in the supplemental material. Memory decline greater 
than − 0.1 standard deviations (SD) per year was considered as a rele
vant effect in this study. Assuming a simplified linear progression of 
memory decline, this corresponds to a conversion to MCI, i.e. memory 
impairment of 1.0 SD below the norm (Jessen et al., 2014), after at most 
10 years. 

3. Results 

3.1. Cross-sectional analyses 

3.1.1. Participant’s characteristics 
Data from a total of 105 participants were analyzed. Table 1 presents 

baseline demographic details of the study sample. There were fewer 
female participants in the MCI group than in the remaining groups. 
Participants of the AD group were on average older and the SCD group 
younger than the rest of the study population. Participants of the SCD 
group reported on average higher and those of the AD group lower ed
ucation. Further, there were more APOE ε4 carriers in the MCI and AD 
group compared to the other groups. 

3.1.2. Memory 
Number of participants, time between visits and adjusted means of 

memory scores [95% CI] are shown in Table 2. At all three time points, 
memory differed between groups with highest scores in HC and lowest 
scores in the AD group. At all visits, cross-sectional post-hoc compari
sons derived from multiple regression models showed substantial dif
ferences between all groups except between HC and SCD. Group 
differences concerning memory impairment became more pronounced 
in the 1- and 3-years follow-ups. 

3.1.3. Volumes 
After visual inspection of all segmentations, data for whole amygdala 

(n = 104), amygdala subfields (n = 104), whole hippocampus (n = 104), 
hippocampus subfields (n = 103) and precentral gyrus (n = 101) were 
included in statistical analyses. Without exception, age, sex and educa
tion adjusted mean volumes of all amygdala ROIs were substantially 
smaller in SCD compared to HC, in MCI compared to SCD and in AD 
compared to MCI (table A 1). Percentages of group comparisons are 
visualized in Fig. 1. When compared to the HC group, we identified 
relevant volume differences in the SCD stage for several amygdala ROIs, 
e.g. the medial nucleus (adjusted mean difference [95 %CI] = -11% 
[− 25%; 4%], p = 0.210), the CATA (-7% [− 15%; 2%], p = 0.172), the 
lateral nucleus (-7% [− 14%; 1%], p = 0.077) and the paralaminar 

nucleus (-7% [− 14%; 0%], p = 0.055), but only for one hippocampus 
ROI, the HATA (-7% [− 16%; 3%], p = 0.253). Amygdala ROIs further 
showed an average volume difference of − 7% [-16%; 1%] (AAA) to 
− 19% [-31%; − 8%] (central nucleus) in the MCI group, and − 16% 
[-24%; − 7%] (AAA) to − 34% [-46%; –23%] (central nucleus) in the AD 
group compared to HC. Overall, the group differences for the volumes of 
the hippocampus ROIs were not as pronounced as for the amygdala 
ROIs. As expected, no relevant group differences were found for the 
control region, the precentral gyrus. 

3.1.4. Association of baseline memory and ROI volumes 
Next, we rescaled all volumes to their percentage difference [95% 

CI] to the HC average. By doing so, we aimed to determine those ROIs 
whose atrophy have stronger associations with memory performance in 
the cross-sectional sample (all estimates are reported in table A 2). In 
linear regression models across the whole study population, participants 
with a 10% smaller amygdala ROI volume showed worse baseline 
memory by − 0.16 [-0.08; − 0.25] (medial nucleus) to − 0.46 [-0.31; 
− 0.60] (basal nucleus). Compared to amygdala ROIs, hippocampus 
ROIs showed stronger associations between volume and baseline 
memory performance. Participants with − 10% volumes of hippocampus 
ROIs showed worse memory by − 0.32 [-0.19; − 0.44] (CA3) to − 0.53 
[-0.40; − 0.67] (whole hippocampus). As expected, the association be
tween memory and the control region, the precentral gyrus, was weak 
with − 0.17 [-0.37; 0.03] worse memory performance per − 10% smaller 
volumes. 

3.2. Longitudinal models 

3.2.1. Change of memory performance over the course of 3 years 
The number of participants and the average time between the as

sessments are shown in Table 2. In a linear mixed model, a substantial 
yearly decline in memory performance was found only for individuals of 
the AD group (ß [95 %CI] = -0.30 SD [-0.42; − 0.17], p < 0.001) but not 
for the HC (0.03 SD [-0.04; 0.11], p = 0.375), SCD (-0.04 SD [-0.13; 
0.05], p = 0.341) or MCI (-0.06 SD [-0.18; 0.05], p = 0.273) groups 
(Fig. 2). 

Table 1 
Participant’s characteristics at baseline.   

HC SCD MCI AD p 

N ¼ 31 N ¼ 29 N ¼ 23 N ¼ 22 

Females N (%) 17 
(55%) 

17 
(59%) 

7 (30%) 10 
(46%) 

0.189a 

Age [years] 71 (8) 69 (6) 71 (6) 75 (6) 0.036b 

Education [years] 15 (3) 16 (3) 15 (3) 14 (2) 0.035b 

APOE ε4      
N carrier/non- 
carrier 

4/22 7/13 10/9 13/8 0.006a 

(% carrier) 15% 35% 53% 62% 

Values are reported as mean (SD). Group differences for (a) categorical variables 
were tested with Chi2 test and (b) for continuous variables with ANOVA. APOE 
ε4 status was not available for all participants as indicated. Abbreviations: AD =
Alzheimer’s disease, APOE ε4 = Apolipoprotein E ε4 allele, HC = Healthy control, 
MCI = Mild cognitive impairment, SCD = Subjective cognitive decline. 

Table 2 
Memory performance and number of participants at baseline and follow-up 
visits.   

HC SCD MCI AD 

Baseline 
N 31 29 23 22 
Memory 0.04 [-0.18; 

0.26] 
− 0.06 [-0.30; 
0.17] 

− 1.31 [-1.57; 
− 1.05] 

− 2.28 [-2.56; 
− 2.01]  

1-year follow-up 
N 23 21 17 17 
Time 

[days] 
369 (13) 392 (38) 386 (30) 370 (11) 

Memory 0.08 [-0.13; 
0.29] 

− 0.10 [-0.33; 
0.12] 

− 1.37 [-1.62; 
− 1.12] 

− 2.58 [-2.85; 
− 2.31]  

3-years follow-up 
N 16 11 6 6 
Time 

[days] 
1117 (63) 1129 (71) 1112 (54) 1019 (166) 

Memory 0.15 [-0.12; 
0.41] 

− 0.19 [-0.49; 
0.11] 

− 1.50 [-1.87; 
− 1.13] 

− 3.18 [-3.57; 
− 2.79] 

Z-scaled memory is reported as age, sex and education adjusted means [95% CI] 
which were exported from a linear mixed model including 105 participants and 
a total of 222 observations. Time from baseline is reported as mean (SD) in days. 
Abbreviations: AD = Alzheimer’s disease, CI = Confidence interval, HC = Healthy 
control, MCI = Mild cognitive impairment, SCD = Subjective cognitive decline. 
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3.2.2. Associations between ROI volumes and memory performance over 
time 

Models 1 included data across all groups, in order to assess whether 
baseline amygdala and hippocampus ROI volumes affected the yearly 
change in memory performance, accounting for baseline age, sex and 
education. All ROIs showed similar small interaction effects of volume 
on yearly memory change (0.03 < std. ß < 0.08, table A 3). In order to 
put these interaction effects into context, we provide values of yearly 
memory decline [95% CI] estimated for discrete baseline ROI volumes 
(HC mean, − 10%, − 20%; Fig. 3). On average, participants with HC 
mean volumes and − 10% volumes had no relevant memory changes 
(<0.09 SD per year). Participants with − 20% amygdala ROI volumes 
showed yearly memory changes between − 0.08 [-0.13; − 0.03] (medial 
nucleus) and − 0.17 [-0.24; − 0.10] (paralaminar nucleus). Effects were 
similar for hippocampus ROI volumes of − 20% with yearly memory 
changes between − 0.10 [-0.16; − 0.04] (HATA) and − 0.16 [-0.23; 
− 0.09] (whole hippocampus). While both amygdala and hippocampus 
ROIs showed similar associations in models 1, baseline volumes of the 
control region, the precentral gyrus, showed no relevant association to 
yearly change of memory performance across the whole study popula
tion (yearly memory change for − 10% volume = -0.04 [-0.11; 0.03], for 
− 20% = − 0.03 [-0.13; 0.07]). 

Models 2 extended on models 1 by introducing the interaction group 
* time * ROI_volume to evaluate group-wise estimates of yearly change 
of memory performance by baseline ROI volume. Results are visualized 
in Fig. 3 (values in table A 4). In the HC group, 10% and 20% smaller 
baseline volumes than the HC mean were not associated with any rele
vant memory change (-0.04 < yearly memory change < 0.05). In the 
SCD group, we found a relevant association only for individuals with 
20% smaller volumes of the CA1 region and the paralaminar nucleus 
with yearly memory changes of − 0.11 [-0.25; 0.03] and − 0.10 [-0.26; 
0.05], respectively. In the MCI group, a relevant yearly memory change 
was associated with various amygdala ROIs with the strongest effects for 
the paralaminar nucleus (for − 10% volume = -0.14 [-0.27; − 0.02], for 
− 20% = − 0.26 [-0.42; − 0.09]). Stronger associations were however 
found for several hippocampus ROIs, with strongest effects for the 
subiculum (for − 10% volume = -0.15 [-0.28; − 0.03], for − 20% = − 0.31 
[-0.50; − 0.13]). The precentral gyrus had no relevant group-wise effect 
on the yearly change of memory performance in neither HC, SCD nor 
MCI (-0.07 < yearly memory change < 0.04). 

Fig. 1. Estimated mean group differences [95 %CI] of ROI volumes in percent 
(%). Values were estimated adjusting for the covariates age, sex and education 
in ANCOVA models which corrected for multiple group comparison (Tukey). 
Percentages are highlighted in red for a relative smaller and blue for relative 
bigger volume when compared to the HC group. Abbreviations: AAA = anterior 
amygdaloid area, AD = Alzheimer’s disease, CATA = corticoamygdaloid transition 
area, CA = cornu ammonis region, GC-ML-DG = granule cell and molecular layer of 
the dentate gyrus, HATA = hippocampus-amygdala-transition-area, HC = healthy 
control, MCI = mild cognitive impairment, SCD = subjective cognitive decline. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Change of memory performance during three years. Memory was assessed by a z-scaled memory composite score for 105 participants at baseline, and when 
available at one (n = 78) and three years (n = 39) after baseline. The thin lines link individual memory performances at each available visit. The linear fits are 
presented with 95% CI (shaded areas) estimated by a linear mixed model adjusted for age, sex and education. Abbreviations: AD = Alzheimer’s disease, CI = confidence 
interval, HC = healthy control, MCI = mild cognitive impairment, SCD = subjective cognitive decline. 
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4. Discussion 

In a study population of 105 participants with either SCD, MCI, AD, 
or cognitively healthy individuals, we examined associations between 
memory performance and 7T MRI volumes of amygdala ROIs in com
parison with hippocampus ROIs. In a first cross-sectional analysis, we 
found smaller volumes in the SCD group for the amygdala ROIs but not 
the hippocampus ROIs except for the hippocampus-amygdala- 
transition-area. In longitudinal analyses across the total study popula
tion, however, we found that associations between memory changes and 
volumes of amygdala and hippocampus ROIs were of similar magnitude. 
Further group-wise analyses showed that these effects were mainly 
relevant in participants of the MCI but not HC and SCD group. Further, 
the association in MCI was stronger for hippocampus ROIs when 
compared to amygdala ROIs. 

Previous studies have reported AD-related atrophy of the whole 
hippocampus and hippocampus subfields of similar dimensions as in the 
present study (de Flores et al., 2015). However, only few studies have 
examined amygdala volumes in AD-related cohorts. Previous literature 
showed that the whole amygdala is smaller in individuals with MCI 
(Nunes et al., 2010; Rogne et al., 2016; Yue et al., 2018) and AD (Basso 
et al., 2006; Poulin et al., 2011). These volume differences were 
generally of similar or even stronger magnitude than for the whole 
hippocampus, which is in line with the results of the present study. 
However, there is no consensus about a potential volume reduction of 
the whole amygdala in individuals with SCD. In this high-resolution 7T 
MRI study, volumes of the whole amygdala were smaller in SCD than in 
HC, which agrees with some previous 1.5 to 3 T studies (Kim et al., 2013; 
Schultz et al., 2015; Striepens et al., 2010; Yue et al., 2018) but not all 
(Hafkemeijer et al., 2013; Rogne et al., 2016). Relevant atrophy of 
amygdala volume in earliest stages of AD is reasonable because the 

amygdala is affected early by distribution of AD pathology, i.e. amyloid 
and phosphorylated tau deposition with associated volume loss (Brady 
and Mufson, 1990). The heterogeneity of previous findings is likely due 
to inconsistencies in the SCD stratification. Distinct atrophy patterns 
have been described for individuals with SCD recruited at the clinic 
versus those recruited in the community (Pini and Wennberg, 2021) 
emphasizing the importance of a well-characterized SCD group. In this 
study, SCD participants reported persistent self-perceived cognitive 
decline for over 6 months and associated worries that would motivate 
the individual to seek medical help, analogue to SCD plus criteria pro
posed by Jessen et al. (2020). Baseline memory performance of the SCD 
group in this study did not substantially differ from the HC group which 
further confirms the correct stratification of SCD participants. Address
ing the shortcomings concerning MRI resolution and SCD stratification, 
our data support literature reporting smaller volumes of the whole 
amygdala in individuals with MCI, AD and strikingly SCD, when 
compared to HC. 

We further expanded on the analyses of amygdala volumes by seg
menting the amygdala down to its subfields. Literature on amygdala 
subfields in AD-related cohorts is scarce. Although not entirely compa
rable, shape analyses which deduced atrophy of the nuclei from the 
external shape of the amygdala showed AD-related volume reduction 
predominantly in the basolateral complex (Qiu et al., 2009; Tang et al., 
2014). The basolateral complex consists of the large amygdala subfields, 
i.e. lateral, basal and accessory basal nuclei, regions that were reported 
to be reciprocally connected to the hippocampus and frontotemporal 
cortical regions (Poulin et al., 2011). In this study, the regions of the 
basolateral complex showed group differences to a similar extent as the 
whole amygdala. Strikingly larger effects were however found for the 
central nucleus (in MCI and AD) and the medial nucleus (in SCD and 
AD), both of which might suffer from higher measurement uncertainties 

Fig. 3. Total (model 1) and group-wise (model 2) estimated yearly change of z-scaled memory performance depending on the baseline volume of the ROIs. Adjusted 
marginal effect estimates [95 %CI] were calculated for specific values to ease interpretation: baseline mean volume of the HC group, − 10% and − 20% volume. 
Number of participants (n part.) in the models ranged between 101 and 104. Number of baseline and follow-up observations (n obs.) ranged between 216 and 219. 
Estimates for the AD group are not shown due to the high number of missing values not at random (MNAR) for follow-up memory assessment. Linear mixed models 
included age, sex and education as covariates. Abbreviations: AAA = anterior amygdaloidarea, AD = Alzheimer’s disease, CA = cornu ammonis, CATA = cortico
amygdaloid transition area, CI = confidence interval, GC-ML-DG = granule cell and molecular layer of the dentate gyrus, HATA = hippocampus-amygdala-transition-area, HC 
= healthy control, MCI = mild cognitive impairment, obs. = observations, part. = participants, ROI = region of interest, SCD = subjective cognitive decline. 
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due to their small size. The particular potential of the central and medial 
nucleus needs to be confirmed in independent studies. When compared 
to the hippocampus subfields, however, amygdala subfields showed 
group differences of similar or even greater magnitude. This is of espe
cial relevance in the SCD group where smaller volumes were detected 
for several amygdala ROIs but neither for the whole hippocampus nor 
the hippocampus subfields, except for the HATA region, which connects 
the hippocampus with the amygdala. Thus, our cross-sectional group- 
level analyses suggested that volumes of amygdala subfields (especially 
the central and medial nucleus) could be more relevant in the identifi
cation of individuals with MCI, AD and particularly SCD, than volumes 
of the whole amygdala and hippocampus ROIs. 

Previous studies reported substantial associations between volumes 
of the whole amygdala and a continuous measure of memory perfor
mance in several AD-related cohorts (Basso et al., 2006; Mizuno et al., 
2000; Mori et al., 1997). We expanded on these findings by showing that 
most amygdala subfields reached associations with memory perfor
mance of similar magnitude as the whole amygdala. However, it needs 
to be pointed out that the central and medial nucleus showed weakest 
associations, which is remarkable considering the previously discussed 
group-differences in this study. At odds with our expectations, the as
sociation between memory performance and volumes of the hippo
campus ROIs tended to be stronger than the association between 
memory performance and the amygdala ROIs, reaching strongest asso
ciations for the whole hippocampus. This lack of strength in association 
between volumes of the amygdala ROIs and baseline memory perfor
mance despite promising group differences might indicate that smaller 
amygdala volumes are less related to memory impairment but rather to 
other cognitive domains (e.g. executive function) or psychiatric dys
functions (e.g. depression, anxiety) which are prevalent in SCD, MCI and 
AD. Additionally, a possible reverse causality in participants with SCD 
must be considered, i.e. cognitively healthy individuals with smaller 
amygdala volumes due to non-AD-related reasons may express more 
worries and therefore be stratified as SCD. The inconsistencies between 
larger group differences in amygdala volumes despite weaker associa
tions to memory performance have to be investigated in further studies 
including other cognitive domains and psychiatric variables. 

In order to draw inferences on the relevance of amygdala ROIs for 
cognitive decline, longitudinal analyses are essential. Previous studies 
showed that smaller whole amygdala volumes can predict a relevant 
longitudinal change in cognitive performance (den Heijer et al., 2006; 
Kovacevic et al., 2009; Li et al., 2022). Kovacevic et al. (2009) showed 
that smaller whole amygdala volumes predicted a decline in MMSE 
scores after 6 months in an MCI cohort, with associations that were at 
least as strong as those seen for hippocampus volume. Another recent 
study including participants with SCD, MCI and HC, used a novel 
machine-learning approach to predict 1-year changes in global cognitive 
outcomes by brain volumes such as the bilateral amygdala and hippo
campus (Li et al., 2022). They showed that the volume of the left 
amygdala was more predictive for cognitive outcomes than the left or 
right hippocampus. In the present study, we included memory data for 
an extended timeframe (up to 2 follow-up visits in up to 3 years). We 
found stronger predictive effects for volumes of the whole hippocampus 
than the whole amygdala, which is not in line with the studies described 
above. When analyzing amygdala and hippocampus subfields, the whole 
hippocampus remained the strongest predictor in our study, while Li 
et al. (2022) found strongest effects in the right and left fimbria of the 
hippocampus. In further group-wise analyses, we found that the asso
ciation was predominantly driven by participants with MCI with 
generally stronger effects for hippocampus ROIs than amygdala ROIs. In 
the HC and SCD groups, no ROI was predictive for relevant changes in 
memory, except for the hippocampus subfield CA1 and the amygdala 
subfield paralaminar nucleus. However, the effects were only marginally 
relevant in estimations for participants with − 20% smaller volumes, a 
volume size that was rarely observed in the HC and SCD groups. Overall, 
these results suggest that the potential of amygdala and hippocampus 

ROIs in the prediction of memory decline might be limited to patients 
with MCI and is stronger for hippocampus ROIs than amygdala ROIs. In 
line with the cross-sectional results as discussed above, these findings 
may be due to a stronger association of amygdala volumes with other 
cognitive or psychiatric processes related to early AD, and less with 
memory performance. 

Several limitations should be noted when interpreting our findings. 
First, we refrained from drawing inferences from the results concerning 
the AD group as the amount of missing follow-up data due to severe AD 
and associated incapability to consent for participation (missing not at 
random) would have likely led to an underestimation of the effects, the 
main limitation of this study. An approach to impute memory changes in 
AD patients is shown in the supplements, however, we concluded that 
the robust estimation was not reliably possible on the basis of this small 
sample. Second, as SCD is an early stage of AD, which might start 15 
years before symptom onset, the longitudinal effects especially for the 
amygdala may be underestimated, as they might not be captured by a 
study duration of only 3 years. Further longitudinal studies over an 
extended time span should confirm our results. Third, participants were 
stratified primarily by their clinical manifestations, because CSF bio
markers for AD-pathology were available only for a subset of partici
pants (MCI n = 13, AD n = 18). Therefore, pathological features were 
considered for stratification when available, but not included in statis
tical analyses. 

4.1. Conclusion 

This 7T MRI study found that the assessment of volumes of the 
amygdala and its subfields, especially the central and medial nucleus, 
might aid in the identification of individuals with SCD, a potential 
contribution to early diagnosis and treatment of individuals at risk to 
develop Alzheimer’s disease. However, an advantage over hippocampus 
ROIs for the prediction of memory decline was not observed in patients 
with neither SCD nor MCI, leading to the assumption that amygdala 
volume might rather be associated with other cognitive or psychiatric 
dysfunctions. Due to the larger size and the convenient location of the 
hippocampus, surrounded by cerebrospinal fluid, it is easier to delineate 
and segment as the amygdala, making it not only a more reliable but also 
more accessible target for the prediction of memory decline. Therefore, 
this study does not support assessing amygdala over hippocampus ROIs 
to detect individuals at risk for memory decline. 
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