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A B S T R A C T   

The hippocampus and amygdala are the first brain regions to show early signs of Alzheimer’s 
Disease (AD) pathology. AD is preceded by a prodromal stage known as Mild Cognitive Impair
ment (MCI), a crucial crossroad in the clinical progression of the disease. The topographical 
development of AD has been the subject of extended investigation. However, it is still largely 
unknown how the transition from MCI to AD affects specific hippocampal and amygdala sub
regions. The present study is set to answer that question. We analyzed data from 223 subjects: 75 
healthy controls, 52 individuals with MCI, and 96 AD patients obtained from the ADNI. The MCI 
group was further divided into two subgroups depending on whether individuals in the 48 months 
following the diagnosis either remained stable (N = 21) or progressed to AD (N = 31). A 
MANCOVA test evaluated group differences in the volume of distinct amygdala and hippocampal 
subregions obtained from magnetic resonance images. Subsequently, a stepwise linear discrimi
nant analysis (LDA) determined which combination of magnetic resonance imaging parameters 
was most effective in predicting the conversion from MCI to AD. The predictive performance was 
assessed through a Receiver Operating Characteristic analysis. AD patients displayed widespread 
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subregional atrophy. MCI individuals who progressed to AD showed selective atrophy of the 
hippocampal subiculum and tail compared to stable MCI individuals, who were undistinguishable 
from healthy controls. Converter MCI showed atrophy of the amygdala’s accessory basal, central, 
and cortical nuclei. The LDA identified the hippocampal subiculum and the amygdala’s lateral 
and accessory basal nuclei as significant predictors of MCI conversion to AD. The analysis 
returned a sensitivity value of 0.78 and a specificity value of 0.62. These findings highlight the 
importance of targeted assessments of distinct amygdala and hippocampus subregions to help 
dissect the clinical and pathophysiological development of the MCI to AD transition.   

1. Introduction 

Alzheimer’s disease (AD) is one of the most common forms of age-related neurodegenerative dementia. It is characterized by a 
progressive deterioration of cognitive abilities and severe behavior changes [1]. AD is preceded by a prodromal stage known as Mild 
Cognitive Impairment (MCI), a crucial crossroad in clinical progression. A fraction of MCI people (10–15%) progress to AD each year, 
compared to 1–2% of the healthy older population [2]. Since the neurodegenerative process leading to AD begins over a decade before 
a clinical diagnosis can be made [3], the early identification of the brain modifications associated with MCI is critical to catching AD at 
its initial stage and establishing timely therapeutic interventions. 

Magnetic Resonance Imaging (MRI) is a valuable, non-invasive tool for studying the macrostructural changes characterizing the AD 
spectrum [4–11; Table 1]. Neuroimaging research has primarily focused on medial temporal structures, such as the hippocampus 
[12–18] and, more recently, the amygdala [19–21]. These regions are of particular interest as they exhibit early signs of tau pathology, 
a process strongly associated with neurodegeneration and cognitive decline in AD [19,20,22–27]. A recent MRI study has shown that 
the extent of atrophy in the amygdala and the hippocampus is associated with the progression from MCI to AD [21]. 

However, a potential limitation of previous studies is that they have considered the hippocampus and the amygdala as a whole, 
thereby neglecting these regions’ anatomical and functional heterogeneity. The hippocampus and the amygdala are complex struc
tures composed of multiple subregions, each with distinct connections and functions [28]. Understanding this anatomical and func
tional diversity is crucial, given the differential vulnerability to age-related neurodegenerative disorders [29–31]. While previous 
evidence revealed a hierarchical accumulation of AD-related neuropathology across specific amygdala [32] and hippocampal sub
regions [33], MRI studies investigating the macro-structural damage in MCI at a finer subregion scale have yielded conflicting results 
[9,11,12,21,34–40]. This apparent inconsistency can be explained by the small sample size of the cohorts under examination [12,35, 
36], the lack of clinical follow-up to differentiate converters and non-converters [34–36,39,40], and the analysis methods based on 
manual or semiautomatic procedures including the investigation of a limited number of subregions [11,12,21,38]. 

In the current study, we addressed these issues by applying a probabilistic method that combines individual morphometric 
measures with a-priori information from ex-vivo MRI and histology [28,41]. Specifically, we investigated whether analysis of the 
pattern of grey matter (GM) atrophy in specific hippocampal and amygdala subregions allows us to differentiate between MCI subjects 
converting to AD (c-MCI) and MCI subjects who remained clinically stable (s-MCI). Considering that the basal and cortical nuclei of the 

Table 1 
A comparative table of Machine Learning studies investigating structural changes in hippocampal or amygdala’s subregions in progressive MCI 
subjects.  

Reference Kwak (7) Guo (8) Izzo (9) Vasta (10) Khan (11) 

Data source ADNI-2/GO (MRI 3T) ADNI1 (MRI 1.5T ADNI1 (MRI 
1.5T) 

ADNI-1 (MRI 1.5T) 
ADNI-2 (MRI 3T) 

Add 
Neuro Med Cons.+
ADNI 1 (MRI 1.5T) 

Sample size of p- 
MCI/s-MCI 

118/263 111/102 60/509 32/89 90/357 

Clinical follow-up 18 months 24 months 60 months 18 months 12 months 
Significative 

hippocampal 
subfields 

Presubiculum 
CA1 
Subiculum 
Molecular layer 

CA2-3 
Subiculum CA4- 
DG 
Presubiculum 

Fissure 
Subiculum 
Presubiculum 

Subiculum 
Presubiculum 

Presubiculum 

Significative 
amygdala’s 
nuclei 

NA NA NA NA NA 

Method Deep convolutional neural 
network (accuracy of 
75.9%) 

SVM-RFE 
(accuracy of 
76.9%) 

LVQ (accuracy of 
75%) 

SVM (accuracy of 71%) + NBC 
(accuracy of 68%) + NNC 
(accuracy of 72%) 

MRI and multivariate 
OPLS technique (accuracy 
81.1%) 

Segmentation Tool FS v.6.0 (12 subfields) FS v. 5.3 (8 
subfields) 

FS v. 6.0 (12 
subfields) 

FS v. 5.0 (7 subfields) FS v. 5.1 (7 subfields) 

Abbreviations: ADNI=Alzheimer’s Disease Neuroimaging Initiative; CA=Cornu Ammonis; DG = Dentate Gyrus; FS= FreeSurfer; LVQ = Learning 
Vector Quantization; NA = not available; NBC=Naïve Bayesian Classifier; NNC=Neural Networks Classifier; p-MCI = progressive Mild Cognitive 
Impairment subjects; s-MCI = stable Mild Cognitive Impairment subjects; MRI = Magnetic Resonance Imaging; RFE=Recursive Feature Elimination; 
SVM= Support Vector Machine. 
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amygdala, and the Cornu Ammonis (CA) − 1 and subiculum areas of the hippocampal formation, are the most affected regions by AD 
pathology [32,33], we predicted that higher/selective atrophy in these regions would be associated with conversion to AD. To further 
examine the spatial specificity of the results, we included structural measurements of the thalamus and the basal ganglia, brain areas 
also commonly targeted by AD pathology [42,43]. Identifying atrophic nuclei of additional brain regions provides valuable insights 
into the underlying pathophysiological processes related to the clinical progression to AD of MCI subjects. 

2. Material and methods 

2.1. Study data, inclusion, and diagnostic criteria 

All the data used for this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI-3) database, a multisite 
study, including 59 research centers in the United States and Canada. ADNI-3 was launched in late 2016 as a public/private part
nership to determine the relationships among the clinical, neuropsychological, imaging [MRI, Positron Emission Tomography (PET)], 
genetic, and biochemical biomarker characteristics of the entire spectrum of sporadic late-onset AD. For updated information on the 
initiative, see ADNI website (http://adni.loni.usc.edu). The study was performed according to ethical standards and the Declaration of 
Helsinki (2000). Informed consent was obtained from study participants or legally authorized representatives. Subjects enrolled had a 
good general health status, and no diseases were expected to interfere with the study. Details on the study protocol are reported on the 
ADNI website (http://www.adni-info.org). 

Two hundred twenty-three subjects were included in this study, divided into 75 HC, 52 patients with MCI, and 96 patients with 
probable AD. The HC group included cognitively normal individuals who did not convert to MCI or dementia (criteria for the HC group 
established both at baseline and in the follow-up at 48 months). Out of the 52 participants meeting the criteria for MCI, 59.6% (n = 31) 
converted to an AD diagnosis (c-MCI) within 48 months of clinical follow-up. The MCI subjects who did not convert to AD (n = 21) 
within 48 months of clinical follow-up were defined as s-MCI. 

T1-weighted images were acquired by a 3T scanner using a harmonized protocol and identical acquisition parameters to minimize 
site differences (https://adni.loni.usc.edu/methods/mri-tool/mri-analysis/). Our study included only the subjects who had completed 
baseline 3D T1-weighted scans and neuropsychological/clinical investigations. Subjects who underwent a scanning session but dis
played incomplete clinical and demographic information and/or explained technical issues in their MRI raw data (severe motion, 
missing volumes, or corrupted files) were excluded from the study sample (Supplementary Fig. 1). 

2.2. Clinical assessments 

At the time of the MRI scan, all participants were extensively evaluated on the following set of clinical and neuropsychological 
assessments: 1) the Mini Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) to investigate global 
cognition; 2) the Functional Activities Questionnaire (FAQ) for the assessment of daily living activities; 3) the Alzheimer’s Disease 
Assessment Scale Cognitive subscales (ADAS-11 items scores; ADAS-13 items scores; ADAS-Q4 delayed word recall subscale) to 
evaluate the severity of impairments of memory, learning, language, praxis, and orientation; 4) the Clock Drawing Test (CT) to assess 
dysfunction of visuo-constructive abilities; 5) the Animal Fluency and the Multilingual Naming Test (MINT) to detect language ca
pacities and naming deficits; 6) the Trail Making Test (time to completion, TMT parts A and B) for processing speed and executive 
function; 7) the Rey Auditory Verbal Learning Test (RAVLT) to assess auditory verbal learning and memory (immediate memory, 
learning, delayed recall, and delayed recognition) and the Logical Memory II (LM), subscale of the Wechsler Memory Scales Revised 
(WMS-R) Story A for immediate and delayed recall; 8) the Neuropsychiatric Inventory (NPI) and the Geriatric Depression Scale (GDS) 
to characterize and obtain information on psychopathological profile and behavioral disturbances. 

The HC subjects included in our study were free of significant impairment in cognitive functions or daily living activities. They had 
MMSE scoring between 27 and 30 inclusive, a global score of 0 (in particular, Memory Box score = 0) on the Clinical Dementia Rating 
Scale (CDR-RS), and normal memory function documented by scoring above education-adjusted cut-offs on the LM (>9 for 16 or more 
years of education, >5 for 8–15 years of education, >3 for 0–7 years of education). 

The inclusion criteria for MCI subjects were MMSE scores between 24 and 30, subjective memory concerns, memory impairments 
identified by the partner, CDR Memory Box score >0.5, and abnormal memory function documented by scoring below education- 
adjusted cut-offs on the LM (<11 for 16 or more years of education; ≤9 for 8–15 years of education; ≤6 for 0–7 years of educa
tion). The general cognition status and functional performances of MCI were sufficiently preserved to exclude a diagnosis of AD. 

AD patients fulfilled the criteria of probable AD in line with the criteria set by the National Institute of Neurologic and Commu
nicative Disorders and Stroke and by the Alzheimer’s Disease and Related Disorders Association. Patients with AD reported MMSE 
scores between 20 and 26 (inclusive). For more details about the ADNI-3 inclusion criteria, see:https://adni.loni.usc.edu/wp-content/ 
uploads/2012/10/ADNI3-Procedures-Manual_v3.0_20170627.pdf 

The conversion from MCI to dementia was clinically assessed by skilled ADNI clinicians using information from the patient and a 
knowledgeable caregiver, biological markers, and neuropsychological assessment. 

The apolipoprotein E (APOE) genotyping for participants was performed as previously described [44]. The APOE ε4 status, 
including individuals with one or more ε4 alleles, was investigated at the screening stage. The data was present for approximately 93.7 
% of the total cohort. 
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2.3. MRI data acquisition and analysis 

Standardized MRI data acquisition techniques were in place for ADNI to ensure homogeneity across data acquisition sites. A 
detailed description of the ADNI data acquisition protocol can be found at https://adni.loni.usc.edu/adni-3/procedure-manuals/. The 
imaging protocol included a 3T1-weighted sagittal 3D MPRAGE volume (voxel size 1.05 × 1.05 × 1.2 mm3). 

T1-weighted images were processed with FreeSurfer 7.3 using the “recon-all -all" command line. Briefly, this processing includes 
motion correction and intensity normalization of T1-weighted images, removal of non-brain tissue using a hybrid watershed/surface 
deformation procedure, automated Talairach transformation, segmentation of the subcortical white matter (WM) and deep GM 
volumetric structures (including the hippocampus, amygdala, caudate, putamen, ventricles), tessellation of the GM WM matter 
boundary, and derivation of cortical thickness. The tool provided an automated reconstruction and labeling of cortical and subcortical 
regions and a measure of estimated Intracranial Volume (ICV). The “segmentHA_T1. sh’’ script was subsequently used to compute the 
parcellation and volume quantification of different hippocampal [41] and amygdala [28] subregions. The hippocampus was 
segmented into nineteen subfields for each hemisphere (Fig. 1A): the head and body of CA-1/3/4, the head and body of presubiculum 
and subiculum, the head and body of Granule Cell (GC) - Molecular Layer (ML) - dentate gyrus (DG), molecular layer, as well as the 
parasubiculum, the hippocampal tail, the hippocampal fissure, the fimbria, and the hippocampal amygdala transition area (HATA). Of 
note, the CA2 field was included in the CA3 field. The amygdala was segmented into 9 nuclei for each hemisphere (Fig. 1B): the 
accessory basal nucleus, the anterior amygdaloid area (AAA), the basal nucleus, the central nucleus, the cortical-amygdaloid transition 
area, the cortical nucleus, the medial nucleus, the lateral nucleus, and the para-laminar nucleus. The volume of each subregion was 
normalized (divided) by the estimated intracranial volumes (eTIV). We thoroughly examined all the hippocampal subfields and 
amygdala nuclei segmentations and found no issues in sub-regional parcellation. No additional manual corrections were made, as the 
anatomical boundaries consistently matched the atlas and remained uniform across subjects, a result confirmed by meticulous visual 
inspection. 

2.4. Statistical analysis 

Analysis of variance and Bonferroni post hoc tests were used to evaluate group differences regarding demographic, neuropsy
chological, and clinical data. The categorical variables were analyzed using chi-square tests. For the MRI measures, a MANCOVA 
(diagnosis: 4 levels [HC, s-MCI, c-MCI, AD]; sex), followed by Turkey’s post-hoc comparison, was applied to test the differences among 
groups. Age and education level were added to the model to control for their potential confounding effect. 

All MRI volumes of the hippocampus/amygdala subregions were additionally included in a stepwise linear discriminant analysis 
(LDA) to determine whether a set of variables effectively predicted category membership (s-MCI or c-MCI) and to what extent. The 

Fig. 1. Representative images show the MRI segmentation of the amygdala, hippocampus, and their subregions. (A) The segmented whole left and 
right structures of the hippocampus are depicted in yellow, and their parcellation into specific subfields. (B) The segmented whole left and right sub- 
structures of the amygdala are depicted in light blue, and their parcellation into 9 nuclei. The images are presented in the neuroradiolog
ical convention. 
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stepwise LDA selected the optimal number of features by iteratively adding one variable to the prediction to try and maximize the Area 
under the Curve (AUC) of the classification until an extra-sum-of-squares F test was not significant. The generalization of the model 
was assessed using a leave-one-out cross-validation (CV) approach. In this approach, the model is trained on all data except one subject 
in an iterative manner. The out-of-sample performance (i.e., generalization) is assessed on the removed subjects by combining all 
iterations. For each interaction, a set of selected variables and their respective coefficients were determined, indicating the unique 
contribution of each variable to the predictive function. Finally, a Receiver Operating Characteristic (ROC) analysis was used on the 
out-of-sample prediction to determine an AUC and a cut-off with relative sensitivity and specificity. The analysis investigated whether 
the volumes of specific subregions could discriminate MCI subjects that would progress to AD. The ROC analysis allows for a 
comprehensive evaluation of classification performance by assessing the trade-off between true positive rates (sensitivity) and false 
positive rates (1-specificity). 

All statistical tests were two-tailed, and the significant p-value threshold was set at 0.05. All post-hoc comparisons reported in the 
table are corrected for multiple comparisons. 

Within the c-MCI group, Spearman’s correlation was employed to examine the association between MRI volumes (which exhibited 
a significant difference between the s-MCI and c-MCI groups) and the longitudinal variation of neuropsychological/clinical test scores 
(48 months – baseline score). Bonferroni’s correction (6 structures x 24 test) was applied. 

Table 2 
Demographic, neuropsychological, and clinical features of study groups.  

Variable HC (n = 75) s-MCI c-MCI AD Group comparison 

χ2 P 

N (% male) 75 (47%) 21 (48%) 31 (58%) 96 (57%) 0.758 0.384  
ANOVA s-MCI vs. 

c-MCI  Mean SD Mean SD Mean SD Mean SD F3.193 p 
AGE 74.8 6.3 76.7 5.8 74.9 7.9 76.6 8.8 0.137 0.938 NA 
Education (y) 17.3 2.3 16.9 3.3 16.3 2.5 15.4 2.5 2.390 0.076 NA 
CDR-RS 0.0 0.0 1.4 1.2 2.2 1.1 4.8 2.2 69.637 <0.001 0.445 
ADAS-11 5.1 2.6 8.7 4.3 12.5 4.3 20.0 7.3 33.947 <0.001 0.844 
ADAS-13 7.7 4.0 13.2 6.4 20.7 5.8 30.6 8.9 51.958 <0.001 0.343 
ADAS-Q4 2.3 1.7 3.9 2.3 7.2 2.1 8.7 1.6 74.933 <0.001 0.004 
MMSE 29.4 0.8 28.7 1.8 26.3 2.4 22.6 3.8 48.075 <0.001 0.381 
MoCA 26.9 2.4 23.4 4.1 21.3 3.3 16.8 4.6 34.903 <0.001 0.199 
FAQ 0.2 0.7 2.5 3.0 6.3 4.5 15.1 7.5 59.075 <0.001 0.098 
RAVLT-DR 48.7 11.0 39.5 12.2 27.7 7.9 23.6 7.2 49.521 <0.001 0.654 
RAVLT-IR 5.5 2.5 5.3 3.1 2.8 2.0 2.0 1.8 35.525 <0.001 1.000 
RAVLT-L 9.0 4.2 5.8 4.5 1.5 1.9 0.5 1.5 9.773 <0.001 0.383 
RAVLT-RN 13.8 1.9 12.5 2.8 9.0 3.9 6.5 4.3 57.772 <0.001 0.365 
RAVLT-T 13.1 2.5 11.3 3.1 6.5 4.3 3.8 3.7 28.531 <0.001 0.109 
LM-IR 15.7 3.2 12.4 5.0 7.6 3.8 4.7 3.4 50.402 <0.001 0.024 
LM-DR 14.7 3.5 11.0 5.0 4.4 3.5 1.8 2.7 96.380 <0.001 <0.001 
CT-Drawing 4.8 0.5 4.2 1.0 4.3 0.7 3.4 1.5 5.965 0.001 1.000 
CT-Copy 4.8 0.5 4.6 0.6 4.6 0.7 3.9 1.5 2.012 0.120 NA 
TMT-A 29.4 7.9 33.2 15.4 43.7 21.4 62.7 38.3 4.801 0.004 0.455 
TMT-B 64.9 26.8 94.7 54.9 128.7 53.0 186.4 94.8 17.254 <0.001 0.691 
AF 22.7 4.9 18.3 5.2 15.7 4.4 12.3 5.1 19.080 <0.001 0.109 
MINT-SEM 0.3 0.7 0.4 0.9 0.5 0.9 1.0 3.3 1.262 0.294 NA 
MINT-UNC 30.5 3.9 27.8 7.2 28.1 4.3 24.7 7.7 7.179 <0.001 0.723 
MINT-T 30.7 1.9 28.9 4.0 27.6 4.4 25.2 5.8 4.417 0.007 0.397 
NPI-T 1.2 2.7 2.4 3.5 3.8 4.8 10.2 11.0 6.841 <0.001 0.973 
GDS 0.7 1.1 2.0 1.9 1.8 1.8 2.2 1.8 6.671 <0.001 0.753 

Values are expressed as the mean ± standard deviation (SD). Bold values are statistically significant comparisons. 
Abbreviations: AD = Alzheimer’s disease; ADAS=Alzheimer’s Disease Assessment Scale (11 items and 13 items versions); ADAS-Q4 = ADAS delayed 
word recall subscale; AF = Animal Fluency; CDR-RS=Clinical Dementia Rating Scale; CT-Copy = Clock Test- Copy score; CT- Drawing = Clock Test- 
Drawing total score; c-MCI = patients with MCI who convert to AD within 48-month follow-up; FAQ=Functional Activities Questionnaire; 
GDS=Geriatric Depression Scale; HC = healthy control stable after 48 months of follow-up; LM-IR = Logical Memory-Immediate Recall Total Number 
of Story Units Recalled; LM-DR = Logical Memory-30 min Delayed Recall Total Number of Story Units Recalled; MINT-SEM = Multilingual Naming 
Test Total Correct - with Semantic Cue; MINT-T = Multilingual Naming Test Total Correct (Uncued + Correct with Semantic cue); MINT-UNC =
Multilingual Naming Test Total Uncued Correct; MMSE = Mini-Mental State Examination Total Score; MoCA=Montreal Cognitive Assessment; 
NA=Not applicable; NPI=Neuropsychiatric Inventory Questionnaire; RAVLT-IR=Rey’s Auditory Verbal Learning Test, Immediate Recall (sum of 5 
trials); RAVLT-L = Rey’s Auditory Verbal Learning Test, learning (trial 5 - trial 1); RAVLT-DR=Rey’s Auditory Verbal Learning Test, 30 min Delayed 
Recall; RAVLT-RN=Rey’s Auditory Verbal Learning Test Delayed Recognition; RAVLT-T = Rey Auditory Verbal Learning Test (Trials 1–6); s-MCI =
MCI patients who did not convert to AD after 48-month follow-up; TMT = Trail Making Test (parts A and B); y = years. 
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3. Results 

3.1. Demographic, clinical, and cognitive features of the study groups 

Summary statistics on demographics are shown in Table 2 and Supplementary Tables 1–4. There was no significant difference in 
age, sex, and educational levels across study groups (HC, s-MCI, c-MCI, and AD). The positivity for APOE ε4 status was 23% and 28% 
for the HC and s-MCI, respectively. The AD (62%) and c-MCI (57%) groups had a higher proportion of positivity for APOE ε4 status 
than the s-MCI and HC groups. 

The behavioral analysis at baseline (Table 2) revealed that the s-MCI and the c-MCI groups, although indistinguishable at the 
clinical examination, differed in terms of immediate and delayed verbal memory (i.e., ADAS-Q4, LM-Immediate Recall, and LM- 
Delayed Recall). Compared to HC subjects, the MCI subsets, and the AD group exhibited significant impairments in general cogni
tion and memory functions and higher scores on the GDS. However, the AD group showed the most severe deficits across multiple 
cognitive domains compared to HC and s-MCI subjects. Additionally, the AD patients exhibited more pronounced neuropsychiatric 
disturbances, as indicated by higher NPI total scores, than the MCI groups (Supplementary Table 1). 

We further examined longitudinal variations (difference between the scores at 48 months and baseline) in the neuropsychological 
scores across the HC and MCI groups (Supplementary Tables 4–5). As reported in Supplemetary Table 4, the c-MCI group exhibited 
greater variations in global cognition measures compared to the s-MCI group, as indicated by the ADAS-11/13, MOCA, and FAQ. 
Additionally, in the c-MCI group, there was a significant variation in visuospatial abilities (i.e., CT-Drawing), and neuropsychiatric 
symptoms (i.e., NPI total). The c-MCI, but not the s-MCI group, showed significant changes in test scores of semantic fluency (i.e., 
Animal Fluency), executive functions (i.e., TMT-B), and verbal memory (i.e., LM-Immediate Recall). 

3.2. MRI volumetry of whole subcortical structures 

As shown in Table 3 and Supplementary Table 6, the MANCOVA revealed significant and diffuse atrophy in subcortical structures 
across different groups, regardless of gender and educational levels. The subcortical structures that exhibited atrophy throughout the 
AD spectrum included the amygdala, hippocampus, nucleus accumbens, putamen, and thalamus. Compared to s-MCI, c-MCI in
dividuals showed atrophy of the whole hippocampus, while no significant differences were found in the rest of the subcortical regions 
considered in the present study. Compared with HC subjects, AD and c-MCI subjects exhibited diffuse atrophy of subcortical structures, 
including the amygdala, hippocampus, putamen, and thalamus. No difference in subcortical volumes was found by comparing the s- 
MCI and HC groups (Supplementary Table 6). 

3.3. MRI volumetry of hippocampal and amygdala subregions 

The results of the MANCOVA analysis indicated that, compared to HC subjects, c-MCI individuals, and AD patients, but not the s- 
MCI group, show diffuse atrophy across all the hippocampal (Table 4; Supplementary Table 7) and amygdala subregions (Table 5; 
Supplementary Table 9) (Fig. 2). Notably, compared with the s-MCI group, c-MCI subjects showed atrophy in the left hippocampal tail 
and subiculum (body) and right subiculum (head) (Table 4). Moreover, this group showed atrophy of the accessory basal nucleus, the 

Table 3 
Volumetric analysis of the subcortical structures.  

Structure volume/eTIVa HC s-MCI c-MCI AD ANCOVAs s-MCI 
vs. 
c-MCI F3.232 P Mean SD Mean SD Mean SD Mean SD 

L-Cerebellum 34.9 3.07 33.8 4.51 34.9 4.6 33.8 4.29 1.097 0.351 NA 
L-Thalamus 4.41 0.41 4.37 0.62 4.12 0.39 4.03 0.50 10.131 <0.001 0.253 
L-Caudate 2.23 0.31 2.13 0.30 2.19 0.35 2.15 0.35 1.314 0.271 NA 
L-Putamen 2.87 0.35 2.94 0.52 2.81 0.42 2.58 0.50 6.792 <0.001 <0 .001 0.761 
L-Pallidum 1.29 0.15 1.20 0.15 1.26 0.16 1.23 0.20 1.400 0.244 NA 
L-HP 2.53 0.26 2.46 0.54 2.14 0.28 1.94 0.35 40.664 <0.001 0.004 
L-Amygdala 0.99 0.13 0.89 0.21 0.84 0.15 0.73 0.20 29.813 <0.001 0.655 
L-Accumbens 0.27 0.07 0.26 0.08 0.23 0.06 0.20 0.06 11.631 <0.001 0.453 
R-Cerebellum 35.2 3.24 34.8 46.2 35.7 4.09 34.0 4.19 2.051 0.108 NA 
R-Thalamus 4.37 0.46 4.30 0.62 4.10 0.38 4.03 0.51 6.575 <0.001 <0 .001 0.501 
R-Caudate 2.28 0.32 2.20 0.30 2.28 0.31 2.25 0.38 0.496 0.685 NA 
R-Putamen 2.88 0.37 2.91 0.61 2.84 0.42 2.67 0.47 3.255 0.023 0.943 
R-Pallidum 1.24 0.14 1.19 0.15 1.22 0.17 1.20 0.17 1.093 0.353 NA 
R–HP 2.62 0.29 2.50 0.36 2.23 0.34 2.06 0.39 28.336 <0.001 <0 .001 0.046 
R-Amygdala 1.13 0.15 1.05 0.27 0.92 0.18 0.89 0.20 21.867 <0.001 <0 .001 0.053 
R-Accumbens 0.31 0.06 0.28 0.08 0.28 0.05 0.24 0.05 13.483 <0.001 <0 .001 0.969 

Abbreviations: AD = Alzheimer’s Disease; c = converter; Healthy Control (HC); HP = hippocampus; L = left; MCI = Mild Cognitive Impairment; 
NA=Not applicable; R = right; s = stable. 

a values x 10− 3 are expressed as the mean ± standard deviation (SD). MANCOVA’s outputs: F = 3.761, <0.001. Bold values are statistically sig
nificant comparisons. 
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central nucleus, and the cortical nucleus of the right amygdala (Table 5). Demographic factors did not significantly influence subregion 
atrophy in the hippocampus subfields (Supplementary Table 8), whereas the differences in the amygdala nuclei are only influenced by 
sex (Supplementary Table 10). However, MANCOVA analysis has been restricted to MCI subsets, effects of sex on group differences are 
no longer significant. Therefore, sex per se does not influence the differences we observe between s-MCI vs c-MCI groups. No significant 
correlation was found between the MRI volumes and the longitudinal variation of neuropsychological/clinical test scores in the c-MCI 
group (Supplementary Table 11). 

3.4. Stepwise linear discriminant analysis and ROC curves 

The stepwise LDA identified a linear combination of predictors that maximized the separation between MCI groups (Fig. 3). The 
cross-validated AUC was 0.77 (p = 3•10− 4) with a best cut-off value sensitivity of 0.78 and a specificity of 0.62. The AUC of the model 
was higher than the AUCs calculated for each hippocampal and amygdala subregion (Supplementary Table 12) or for the whole 
hippocampal structure (AUCs: left = 0.73; right = 0.70). The number of predictors selected was always 3 for each cross-validated 
iteration. The most selected group of regions was the hippocampus’s left subiculum (body, selected for all iterations), the left 
paralaminar nucleus (selected for 34 iterations out of 52), and the right basal nucleus (selected for 30 iterations). Frequent additional 
selections were the left lateral nucleus and the right accessory basal nucleus (both selected 18 times). 

Table 4 
Volumetric analysis of the hippocampal subfields.  

Volume/eTIVa HC s-MCI c-MCI AD ANCOVAs s-MCI 
vs. 
c-MCI Mean SD Mean SD Mean SD Mean SD F3.193 P 

L-Hippocampal tail 34.3 4.86 33.2 8.70 28.9 5.93 26.3 5.92 5.059 0.026 0.049 
L-Subiculum body 15.4 1.99 14.6 2.89 12.7 2.50 11.5 2.83 24.605 <0.001 0.050 
L-CA1 body 7.78 1.37 7.29 2.19 6.41 1.61 6.41 1.85 30.878 <0.001 0.267 
L-Subiculum head 12.2 1.37 11.4 2.97 1.2 2.54 9.13 2.78 10.507 <0.001 0.338 
L-HP fissure 1.07 1.93 1.10 2.53 1.06 2.11 9.71 2.74 21.122 <0.001 NA 
L-Presub head 9.19 1.04 8.67 2.23 7.70 1.61 6.79 1.98 3.316 0.021 0.185 
L-CA1 head 32.9 3.59 31.0 7.03 28.3 6.58 25.9 7.46 27.346 <0.001 0.432 
L-Presub body 11.0 1.85 1.5 2.69 9.21 1.94 8.32 2.29 17.236 <0.001 0.128 
L-Parasubiculum 4.69 1.08 4.37 0.97 4.34 1.41 3.98 1.42 19.673 <0.001 1.000 
L-ML HP head 2.08 2.18 19.5 4.69 17.6 3.85 15.7 4.40 4.514 0.004 0.284 
L-ML HP body 13.9 1.65 13.1 3.28 11.4 2.17 1.5 2.67 24.959 <0.001 0.062 
L-GC + ML + DG head 9.49 1.39 8.98 2.07 8.14 1.87 7.29 2.14 27.634 <0.001 0.387 
L-CA3 body 5.59 1.06 5.28 1.49 4.71 0.97 4.37 1.25 18.787 <0.001 0.321 
L-GC + ML + DG body 8.23 1.08 7.73 1.79 6.91 1.22 6.22 1.57 13.615 <0.001 0.158 
L-CA4 head 8.03 1.12 7.63 1.71 6.99 1.48 6.27 1.82 25.438 <0.001 0.463 
L-CA4 body 7.43 0.95 7.03 1.62 6.31 1.05 5.69 1.42 17.273 <0.001 0.186 
L-Fimbria 4.50 1.46 3.72 1.30 3.46 1.52 2.80 1.56 23.248 <0.001 0.927 
L-CA3 head 7.63 1.26 7.30 1.64 6.74 1.62 5.90 1.86 16.727 <0.001 0.610 
L-HATA 3.84 0.59 3.58 0.83 3.06 0.76 2.85 1.05 14.660 <0.001 0.141 
R-Hippocampal tail 36.7 4.47 34.8 9.57 31.3 7.18 29.0 6.35 17.744 <0.001 0.190 
R-Subiculum body 15.3 1.78 14.6 3.56 12.8 2.95 11.6 2.75 17.563 <0.001 0.064 
R-CA1 body 8.52 1.49 8.28 2.11 7.48 1.74 7.02 1.79 25.634 <0.001 0.358 
R-Subiculum head 12.0 1.72 11.5 3.33 9.76 2.45 8.94 2.36 9.935 <0.001 0.043 
R–HP fissure 11.6 2.00 11.7 2.98 11.6 2.87 1.6 2.82 21.525 <0.001 1.000 
R-Presub head 8.81 1.19 8.18 2.07 7.34 1.77 6.45 1.60 2.206 0.088 NA 
R-CA1 head 34.2 4.02 33.1 7.85 29.6 7.72 27.2 7.25 28.069 <0.001 0.227 
R-Presub body 9.94 1.61 9.52 2.33 8.49 1.99 7.79 1.81 14.765 <0.001 0.196 
R-Parasubiculum 4.45 0.99 4.06 1.19 3.99 1.29 3.70 1.20 16.529 <0.001 0.997 
R-ML HP head 21.3 2.34 2.5 5.08 18.1 4.20 16.3 4.15 5.952 0.001 0.116 
R-ML HP body 14.4 1.75 13.7 3.45 12.2 2.42 11.0 2.52 22.359 <0.001 0.096 
R-GC + ML + DG head 1.1 1.30 9.73 2.37 8.78 2.12 8.04 2.15 24.599 <0.001 0.296 
R-CA3 body 6.41 1.07 6.01 1.42 5.62 1.15 4.98 1.28 14.391 <0.001 0.664 
R-GC + ML + DG body 8.53 1.11 8.09 2.09 7.29 1.44 6.66 1.57 15.739 <0.001 0.224 
R-CA4 head 8.53 0.10 8.23 1.92 7.52 1.74 6.94 1.85 18.515 <0.001 0.396 
R-CA4 body 7.73 1.05 7.30 1.81 6.63 1.17 6.13 1.46 12.901 <0.001 0.286 
R-Fimbria 4.09 1.15 3.42 1.38 2.92 1.03 2.67 1.43 16.314 <0.001 0.525 
R-CA3 head 8.48 1.28 8.15 2.07 7.39 1.89 6.77 2.01 19.233 <0.001 0.434 
R-HATA 4.02 0.70 3.76 1.04 3.22 1.06 3.06 1.03 12.537 <0.001 0.168 

Abbreviations: AD = Alzheimer’s Disease; c = converter; GC + ML + DG = Granule Cell + Molecular Layer + Dentate Gyrus; HC=Healthy Control; 
HATA=Hippocampal-Amygdaloid Transition Area; HP = hippocampus; L = left; MCI = Mild Cognitive Impairment; ML = molecular layer; NA=Not 
applicable; Presub = Presubiculum; R = right; s = stable. 

a values x 10− 4 are expressed as the mean ± standard deviation (SD). MANCOVA’s outputs: F = 1,861, p=<0.001. Bold values are statistically 
significant comparisons. 
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Table 5 
Volumetric analysis of the amygdala nuclei.  

Volume nucleus/eTIVa HC s-MCI c-MCI AD ANCOVAs c-MCI vs 
s-MCI 

Mean SD Mean SD Mean SD Mean SD F3,193 P 

L-Lateral 42.8 4.30 38.6 8.11 38.0 7.87 34.5 9.96 16.390 <0.001 0.994 
L-Basal 28.5 2.92 25.9 5.48 24.4 5.65 21.9 6.44 23.028 <0.001 0.731 
L-Accessory Basal 16.0 1.84 14.6 3.44 12.9 3.09 11.3 3.52 34.508 <0.001 0.163 
L-AAA 3.44 0.54 3.13 0.75 2.96 0.68 2.76 0.76 13.691 <0.001 0.820 
L-Central 2.87 0.62 2.53 0.60 2.17 0.69 1.90 0.68 30.944 <0.001 0.224 
L-Medial 1.31 0.45 1.20 0.37 1.07 0.46 0.97 0.37 9.455 <0.001 0.705 
L-Cortical 1.48 0.34 1.40 0.36 1.22 0.37 1.07 0.34 19.302 <0.001 0.275 
L-CATA 11.0 1.32 1.0 2.11 9.36 2.19 8.54 2.60 18.171 <0.001 0.698 
L-Paralaminar 3.37 0.40 3.06 0.56 3.02 0.70 2.74 0.81 13.139 <0.001 0.998 
R-Lateral 43.7 4.63 4.3 8.08 37.1 8.78 35.4 9.52 16.298 <0.001 0.478 
R-Basal 29.4 3.54 27.6 5.59 24.6 6.32 22.5 6.27 22.154 <0.001 0.229 
R-Accessory Basal 17.0 2.24 15.9 3.90 13.5 3.61 12.1 3.35 32.916 <0.001 0.032 
R-AAA 3.62 5.62 3.49 0.72 3.12 0.75 2.84 0.77 18.064 <0.001 0.234 
R-Central 3.06 0.63 2.93 1.01 2.38 0.80 2.16 0.71 20.867 <0.001 0.038 
R-Medial 1.46 0.44 1.36 0.47 1.17 0.42 1.18 0.42 6.371 0.001 0.425 
R-Cortical 1.66 0.30 1.54 0.38 1.28 0.38 1.21 0.31 27.310 <0.001 0.026 
R-CATA 11.3 1.48 1.6 2.34 9.37 2.23 8.79 2.31 19.933 <0.001 0.180 
R-Paralaminar 3.39 0.40 3.14 0.53 2.91 0.75 2.74 0.78 13.375 <0.001 0.589 

Abbreviations: AAA = Anterior Amygdaloid Area; AD = Alzheimer’s Disease; CATA=Cortical-Amygdaloid Transition Area; c-MCI = patients with MCI 
who convert to AD within 48-month follow-up; HC = healthy control stable after 48 months of follow-up; L = left; R = right; s-MCI = patients with 
MCI who remain stable within the 48-month follow-up. 

a values x 10− 5 are expressed as the mean ± standard deviation (SD). MANCOVA’s outputs: F = 3.192, p=<0.001. Bold values are statistically 
significant comparisons. 

Fig. 2. Line plots illustrating the average distribution of subregions volumes based on the clinical status of participants (HC, s-MCI, c-MCI, and AD). 
The bold color lines indicated subregions where atrophy was more pronounced in the c-MCI group compared to the s-MCI group. On the other hand, 
grey and black lines were used for subregions that did not show significant differences in atrophy between the c-MCI and s-MCI groups. 
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4. Discussion 

The primary aim of the present study was to characterize the morphometric changes of specific subregions of the hippocampus and 
amygdala in patients suffering from the MCI-AD spectrum. Whereas AD individuals showed widespread atrophy of the hippocampus 
and amygdala subcortical structures, the progression from MCI to AD involved a more restricted number of subregions. These included 
the hippocampus’s subiculum and tail and the amygdala’s accessory basal nucleus, central nucleus, and cortical nucleus. As expected, 
no significant macrostructural alterations were observed when comparing s-MCI and HC subjects. A discriminant function identified a 
combination of subregions that maximizes the accurate classification of MCI subjects progressing to AD within 48 months from 
baseline evaluations (c-MCI). The analysis confirmed the critical role of the hippocampal subiculum (body) in differentiating the c-MCI 
and s-MCI subsets. 

In agreement with previous MRI studies on MCI subjects [16,45], our findings indicate a significant association between whole 
hippocampal atrophy and MCI progression to AD. However, while hippocampal atrophy can reflect general structural changes, it may 
not capture the specific underlying pathophysiological processes involved in AD and its clinical progression. Therefore, in the present 
study, we adopted a more analytic approach, investigating the specific hippocampal subfields that show the earliest and most robust 
signs of undergoing neurodegeneration. Our results indicate that the atrophy of the subiculum is particularly relevant in the conversion 
from MCI to AD. This is consistent with histological studies showing a hierarchical progression of tau deposition along the hippo
campus [33]. In particular, hippocampal input regions and projection zones (such as the lateral entorhinal cortex, the CA1/subiculum 
border, and the outer molecular layer of the dentate gyrus) are initially affected by AD pathology. The process develops with anter
ograde progression through the hippocampal circuitry [46–49]. Our results are also consistent with the results of seminal studies that 
have investigated the spatial selectivity of hippocampal atrophy in a small sample of MCI individuals with a coarse spatial resolution 
[12,17,50–52]. In the present study, we leveraged the size of the ADNI database to obtain a systematic follow-up on a 
well-characterized group of subjects across the AD spectrum. We confirmed the importance of the atrophy of the subiculum in a large 
subject sample with finer spatial resolutions. 

Contrary to our hypothesis, we did not find higher atrophy of the CA1 hippocampal fields in c-MCI compared to s-MCI individuals. 
However, we did observe a significant CA1 atrophy when comparing c-MCI and AD subjects versus the control group, suggesting the 
involvement of this region in the clinical, rather than prodromal, AD stage. We also observed atrophy of the hippocampal tail in c-MCI 
subjects compared to s-MCI individuals. This finding is not commonly reported in AD and could be attributed to the suboptimal 
sensitivity of previous studies. Thus, the result requires confirmation by future studies. We propose that the atrophy of the hippo
campal tail may be explained by the increased vulnerability of this structure to Aβ accumulation occurring in the early stages of AD. 
This notion is supported by the results of a preclinical study that found smaller hippocampal tail volumes in individuals with the Aβ+
status [53]. These findings highlight the complex and multifaceted nature of hippocampal alterations in AD and the importance of 
studying specific subfields. 

It is important to note that the overall volume of the amygdala did not differ significantly between c-MCI and s-MCI individuals, 
again suggesting the suboptimal sensitivity of analyses that consider subcortical structures as a whole. When examining the atrophy of 
specific amygdala nuclei, three nuclei - the accessory basal nucleus, the central nucleus, and the cortical nucleus - showed significant 
atrophy in c-MCI compared to s-MCI individuals. These findings align with previous data showing the presence of neurofibrillary 

Fig. 3. Receiver Operating Characteristic (ROC) curve of the obtained model.  
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tangles and neuritic plaques in the accessory basal and cortical nuclei, while the medial and lateral nuclei appeared relatively spared 
[32]. The central nucleus, which is known to be affected by the accumulation of neurofibrillary tangles and Aβ [20,54–56], may 
contribute to the propagation of pathology through a “prion-like" mechanism [20]. Additionally, the central nucleus has important 
connections with modulatory circuits, including the basal forebrain cholinergic system [57], a region disrupted in AD [58]. 

The current study has several strengths that contribute to its robustness and reliability. Firstly, the use of the substantial sample 
obtained from the ADNI-3 database allowed us to adopt stringent screening criteria and a 4-year clinical follow-up, ensuring the 
accuracy of the diagnosis in the HC and s-MCI groups. Second, the integration of a LDA and ROC analyses provides notable advantages. 
The discriminant function analysis identifies a linear combination of predictors that maximizes the separation between stable and AD- 
converter MCI individuals. Moreover, cross-validation provides a more accurate and reliable assessment of the model’s performance, 
reducing the risk of overfitting and supporting the selection of an optimal model. On the other hand, the ROC analysis allows for a 
comprehensive assessment of classification performance by plotting the trade-off between sensitivity (true positive rate) and speci
ficity (true negative rate), providing a robust measure of diagnostic accuracy. 

However, the study also has some limitations that need to be acknowledged. First, despite the richness of the ADNI-3 database, the 
sample size used in the present study was relatively small, limiting the generalizability of our results. Moreover, the demographic 
information of our study does not align with the demographic characteristics observed in other previous studies across the AD 
spectrum, especially concerning the variable of sex [59–61], which, in some cases, also influences the trend of our results. This 
discrepancy is likely due to the stringent inclusion criteria, such as the selective inclusion of subjects with complete information at 
baseline and 48 months, that we deliberately chose to ensure the accuracy of our findings. Third, the cross-sectional design does not 
allow for capturing longitudinal changes in brain atrophy, which could provide valuable information for predicting the progression to 
more advanced stages of the disease. Including longitudinal MRI analyses with more powerful scanners (e.g., 7 T) would offer a more 
comprehensive understanding of the timing, spatial distribution, and progression of hippocampal and amygdala involvement in AD. 
Fourth, alternative methodological approaches should be considered to investigate the patterns that emerged from this study. Ad
vancements in imaging techniques, such as diffusion tensor imaging and molecular imaging using tau and amyloid PET can also 
provide insights into the morphological and functional alterations associated with MCI and AD [62,63]. It is also important to note that 
we did not find significant associations between cognitive tests and measures of atrophy of specific subregions despite the 
well-established involvement of these structures in cognitive functions, such as long-term memory. This negative finding could be 
explained by the high educational levels of the participants, which may act as a compensatory mechanism between structural alter
ations and clinical outcomes. Theoretical models have proposed that individuals with higher cognitive reserve can access greater 
cognitive resources to compensate for cognitive decline [64]. Future studies employing more sensitive assessment protocols and 
including comprehensive cognitive evaluations may help to detect subtle changes in cognitive and behavioral functioning over time. 

4.1. Conclusions 

Our findings highlight the importance of performing targeted assessments within the intricate structures of the amygdala and 
hippocampus to improve early detection of AD progression. The investigation of longitudinal changes in these regions and the use of 
advanced multimodal MRI techniques are emerging as crucial steps. 
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