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Abstract

Background—Volumetry of medial temporal lobe (MTL) structures to diagnose Alzheimer’s 

disease (AD) in its earliest symptomatic stage could be of great importance for interventions or 

disease modifying pharmacotherapy.

Objective—This study aimed to demonstrate the first application of an automatic segmentation 

method of MTL subregions in a clinical population. Automatic segmentation of magnetic 

resonance images (MRIs) in a research population has previously been shown to detect evidence 

of neurodegeneration in MTL subregions and to help discriminate AD and mild cognitive 

impairment (MCI) from a healthy comparison group.

Methods—Clinical patients were selected and T2-weighted MRI scan quality was checked. An 

automatic segmentation method of hippocampal subfields (ASHS) was applied to scans of 67 AD 

patients, 38 amnestic MCI patients, and 57 healthy controls. Hippocampal subfields, entorhinal 

cortex (ERC), and perirhinal cortex were automatically labeled and subregion volumes were 

compared between groups.

Results—One fourth of all scans were excluded due to bad scan quality. There were significant 

volume reductions in all subregions, except BA36, in aMCIs (p < 0.001), most prominently in 

Cornu Ammonis 1 (CA1) and ERC, and in all subregions in AD. However, sensitivity of CA1 and 

ERC hardly differed from sensitivity of WH in aMCI and AD.

Conclusion—Applying automatic segmentation of MTL subregions in a clinical setting as a 

potential biomarker for prodromal AD is feasible, but issues of image quality due to motion 
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remain to be addressed. CA1 and ERC provided strongest group discrimination in differentiating 

aMCIs from controls, but discriminatory power of different subfields was low overall.
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INTRODUCTION

The capacity to monitor disease status and progression due to Alzheimer’s disease (AD) in 

its earliest symptomatic stage is of significant importance for interventions or disease-

modifying pharmacotherapy. While cognitive measures are useful, confounding variables 

such as education and other lifestyle factors, which influence cognitive reserve, as well as 

age and gender differences, make this population extremely heterogeneous and a challenge 

for clinical and psychometric measures to track disease [1, 2]. In addition, there is evidence 

that spread of neurodegeneration in AD follows differential trajectories depending on the 

AD variant [3]. Therefore, there is great interest for introducing new biomarkers into daily 

clinical practice to facilitate the identification and monitoring of early stages and variants of 

AD [4, 5]. Notably, structural brain markers seem to be more sensitive to the disease stage 

and timing of progression in prodromal and dementia-level AD than molecular measures of 

cerebral amyloid-β (e.g., CSF Aβ or PET Pittsburgh compound B (PiB-PET) binding Aβ) 

[6–9]. Thus, structural imaging remains a potentially important biomarker in clinical 

practice and intervention studies.

A transitional state between normal cognition and clinical AD is described as mild cognitive 

impairment (MCI), which frequently represents a symptomatic, prodromal stage of AD or 

other forms of dementia. Patients with MCI have cognitive symptoms and signs but do not 

meet the diagnostic criteria for dementia [4, 10, 11]. Atrophy of medial temporal lobe 

(MTL) structures is associated with a decline in episodic memory, frequently seen in 

amnestic MCI patients converting to AD [12, 13].

In prodromal AD, neurodegenerative changes caused by neurofibrillary tangle (NFT) 

deposition are typically observed as a decrease in volume of MTL structures. Within the 

MTL, the earliest areas of NFT deposition are within the transentorhinal cortex (the medial 

wall of the perirhinal cortex) followed by the entorhinal cortex (ERC) and the first sector of 

the hippocampal subfield Cornu Ammonis (CA1) [14, 15]. Then atrophy spreads to other 

hippocampal subfields and parietal and frontal neocortices as the disease progresses [14, 16–

18]. Because AD-related tau pathology affects MTL structures early and non-uniformly, 

medial temporal lobe subregion measurements may be more sensitive and specific to early 

disease changes than whole hippocampal measurements.

Several research studies have described results of manual, semi-automatic, and automatic 

segmentation of MTL subregions detecting volumetric changes [19–26]. These studies were 

performed in a controlled research environment with strict inclusion/exclusion criteria, well-

defined imaging protocols, and trained magnetic resonance imaging (MRI) technologists. 
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However, so far none of these measurement methods have been applied to a more 

heterogeneous clinical memory center population and to MRI data acquired in a less 

controlled clinical setting.

Recently, Yushkevich et al. (2015) introduced a fully automated method for segmentation of 

MTL substructures in high-resolution T2-weighted coronal MRI, which was reliable when 

validated in a research population [25]. The aim of the present study is to determine the 

utility of this automated subregional MTL segmentation methodology in a clinical cohort to 

detect atrophy of MTL subregions. If successful, this approach has the potential to enhance 

discrimination between the early stages of AD, AD, and healthy controls in the clinical 

setting and provide a useful metric of disease progression. One potential concern in 

translation of the Yushkevich et al. technique to the clinical practice is that the quality of the 

T2-weighted MRI scans acquired can be significantly degraded by head motion, which we 

assessed in the current study to determine the feasibility of this technique in the clinical 

setting. Based on findings from previous studies on prodromal AD, we expected to find a 

strong pattern of atrophy in CA1 and ERC in MCI and a more diffuse pattern of atrophy in 

AD [26].

MATERIALS AND METHODS

Study population

Patients were recruited from a large database of clinical patients at the Penn Memory Center 

(PMC)/Alzheimer’s disease Center of the University of Pennsylvania. 99 patients with the 

diagnoses AD and 56 patients with amnestic MCI (aMCI) were included in our study. All 

patients were diagnosed between 2010 and 2013 and had clinical neuroimaging. Diagnoses 

of AD and aMCI were determined at consensus conferences using standard clinical criteria 

for AD and aMCI [4, 5, 27]. Since no clinical 3T scans of healthy control subjects were 

available in the PMC clinical cohort, 67 healthy controls (HC) without cognitive complaints 

from a research study of aging and cognitive impairment, also conducted at PMC, were 

added to the study group. HC participants performed normally on age-adjusted cognitive 

measures. In addition, they were designated by the consensus group as ‘normal.’ General 

inclusion criteria were males and females over the age of 50, fluent in English, with 

(corrected) normal hearing/vision and no medical contraindications to MRI. Exclusion 

criteria were medical or neurological (movement) illnesses that could have primary impact 

on cognition outside of the neurodegenerative conditions of interest, significant prior head 

trauma, or substance abuse history.

All clinical patients at the PMC are queried about their interest in providing clinical material 

obtained as part of their evaluation to a research database and to be used for future research 

studies, as approved by the Institutional Review Board of the University of Pennsylvania.

MR-protocol

All clinical scans were acquired on a 3T Siemens Trio™ scanner at the Hospital of the 

University of Pennsylvania using an 8-channel array coil. A high-resolution T2-weighted 

fast spin echo sequence (TR/TE: 5310/68 ms, echo train length 15, 18.3 ms echo spacing, 
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150° flip angle, 0% phase over-sampling, 0.4 × 0.4 mm in plane resolution, 2 mm to 3.6 mm 

slice thickness, 30 interleaved slices often with 0.6 mm gap, acquisition time 7:12 min), 

angulated perpendicular to the long axis of the hippocampal formation, was used. There 

were some deviations from this exact protocol, resulting in some variation in slice thickness 

and the number of slices in the clinical scans, but the in-plane resolution was the same. The 

HC research scans were acquired on a research-dedicated Siemens 3T Trio™ scanner with 

the same scanning protocol [22].

Image selection

Hippocampal subfield structures and other MTL structures were inspected by an 

experienced rater (EG, first author) in all clinical and research T2-weighted MR scans. All 

scans showing severe motion artifacts, characterized by blurred lines in the MTL regions, or 

ringing artifacts were excluded. Of 222 subjects enrolled in the study, 67 AD patients, 38 

aMCI patients, and 57 HCs were selected for automatic segmentation. 60 subjects were 

excluded because of bad scan quality.

Automatic segmentation

In this study, automatic labeling of MTL subregions in T2-weighted MR images was 

generated by the Automatic Segmentation of Hippocampal Sub-fields (ASHS; http://

www.nitrc.org/projects/ashs) method [25]. ASHS applies deformable registration [28], 

multi-atlas label fusion [29], and machine learning [30] to propagate anatomical labels from 

a set of expert-labeled example MRI scans to a new unlabeled MRI scan. Figure 1 illustrates 

the automatic labeling of the hippocampal subfields Cornu Ammonis 1 (CA1), Cornu 

Ammonis 2 and 3 (CA2/CA3), dentate gyrus (DG), subiculum (SUB), and the cortical 

structures entorhinal cortex (ERC) and perirhinal cortex (Brodman areas (BA) 35 and 36) on 

a coronal slice of a T2-weighted MRI image.

The expert segmentations leveraged by ASHS for multi-atlas segmentation were generated 

using the same protocol as described in Yushkevich et al.(2015). In that study, the agreement 

between automatic and manual volume measurements (interclass correlation coefficient, 

ICC) was quite high, especially in hippocampal subfields CA1 (ICC = 0.836) and DG (ICC 

= 0.893) as well as WH (ICC = 0.931) [25].

In that protocol, segmentation of CA1, CA2, CA3, and DG is performed along the entire 

anterior to posterior axis of the hippocampus (head, body, and tail). The segmentation of 

SUB is performed in the hippocampal head and the body, but not in the tail. ERC and PRC 

are segmented from one slice anterior to one slice posterior to the hippocampal head. The 

actual structures extend beyond these boundaries, but the protocol was not extended due to 

the complexity of the segmentation [25, 31, 32].

Automatic segmentation of medial temporal lobe subregions was performed in T2-weighted 

MRI images of 162 subjects. All automatic segmentations were visually inspected and no 

segmentation failures were detected. Thus, 162 subjects were chosen for statistical analysis. 

Volumes of CA1, DG, SUB, ERC, and PRC (BA35 and BA36) were calculated from 

automatic segmentation. Subfields CA2 and CA3 are small and less reliable based on 

previous analyses [22, 23, 25] and were thus not included in the current statistical analysis. 
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Since the anterior and posterior boundaries of the ERC and PRC subfields were artificially 

truncated by the segmentation protocol, these volumes were normalized by the thickness of 

the slab in which they were segmented, as suggested in Yushkevich et al. [25]. Furthermore, 

ASHS reported an estimate of intracranial volume (ICV) based on deformable registration of 

the subject’s whole-brain T1-weighted MRI scans to a labeled template.

Statistical analysis

Descriptive statistics were calculated for demographic variables age, gender, education, and 

Mini-Mental State Examination (MMSE) of each group. Education and gender are known to 

influence brain reserve [33] and increased head size is associated with larger brain (subfield) 

volume, which can influence comparison between subjects and between groups [34]. 

Therefore, these variables were used as covariates and linear regression analyses were 

performed for each subfield separately to analyze the influence of these nuisance parameters 

on sub-field volumes. A repeated measures GLM analysis was conducted for each subfield 

separately showing that there was no statistically significant group × hemisphere interaction 

effect between left and right hemisphere in subfield volumes (except in BA36, F = 5.461, p 
= 0.035) after Bonferroni correction. As such, we decided that averaging the hemispheres 

was the most parsimonious approach.

To compare atrophy patterns of the MTL subregions, the residuals from the linear regression 

models were used for pair-wise group comparisons for each subfield, performed by unpaired 

t-tests. Finally, receiver operating characteristic (ROC) curves and area under the curve 

(AUC) values were computed for aMCI and AD subgroups to investigate the practical 

differential value of automatic segmentation of MTL subfields in daily clinical practice.

RESULTS

Descriptive statistics

Demographic information of the final cohort of 57 HC, 38 aMCI patients, and 67 AD 

patients is presented in Table 1. The HC group was significantly younger than the AD group 

(F = 5.14; p < 0.01), but did not differ from the aMCI group in age. Also, the HC group was 

significantly higher educated than the AD group (F = 5.79; p < 0.01). No differences in 

gender between groups were observed (Chi-Square 5.34, df 2, p = 0.069). Furthermore, the 

HC group has significantly higher MMSE scores than the aMCI group and the AD group (F 

= 69.93, p < 0.001). Regression analysis showed a strong effect of age (p < 0.001) and also 

an effect of ICV (p < 0.05) but no effect of education and gender on all subregion volumes.

Group comparisons of medial temporal lobe subregion volumes

Hippocampal subfield and cortical subregion volume measurements were made after 

automatic segmentation. Means and standard deviations of these measurements are 

presented in Table 2 for mean values of left and right hemisphere MTL subregion volumes.

The group comparison statistics are also presented in Table 2. Results were corrected for 

multiple comparisons via Bonferroni correction. All hippocampal subfield volumes and 

cortical subregion volumes were significantly reduced in MCIs compared to HCs, except in 
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the cortical region BA36 (Table 2 and Fig. 2). In AD, strong differences (p < 0.001) were 

measured in all subregions. There were no significant differences between aMCI and AD in 

all subfields.

To investigate individual-level statistics, we analyzed receiver operating characteristic 

(ROC) curves and area under the curve (AUC) values in the aMCI group and the AD group 

separately (Fig. 3). In aMCI CA1 subfield had the highest AUC (0.84), followed by WH 

(AUC: 0.83) and ERC (AUC 0.81). In the AD group CA1, DG, WH, and ERC had all the 

same AUCs of 0.91.

DISCUSSION

Measuring MTL sub-regional volumes in preclinical and prodromal AD could not only be 

important for diagnosis, but for understanding the progression of disease or how different 

factors such as APOE or tau/Aβ contribute to this progression. Furthermore, a better 

understanding of subfield atrophy patterns may help explaining cognitive deficits or even 

relations with inflammatory processes in the brain [35].

Selective involvement of MTL regions has been supported by pathological research in which 

neuronal counts and volumes decrease in AD relative to age-matched cognitively normal 

individuals [36, 37]. In addition, our prior work and that of others have provided support for 

the notion that measurement of specific subfield volumes is associated with increased 

sensitivity to prodromal AD or MCI relative to whole hippocampal measurements [22, 25, 

38].

Most patients with cognitive symptoms and suspected AD undergo standard structural 

imaging with MRI in daily clinical practice, usually to rule out other causes of cognitive 

decline. Therefore, the T2-weighted MRI images can be easily used for automatic 

segmentation. As the T2-weighted sequence described here can be obtained on standard 

MRI platforms and takes <7 minutes, this sequence could be easily implemented as part of 

routine clinical work-up and easily utilized for automatic segmentation of MTL subregions, 

providing a more precise biomarker for identifying structural changes in prodromal AD.

The current study primarily investigated the potential utility of automatic segmentations of 

MTL subregions in clinical patients. The ASHS method detected subregion-specific changes 

in clinical T2-weighted MRI similar to results from previous research studies [22, 25]. In our 

study, regional volume loss was identified in all MTL subregions, except BA36, in aMCI 

and in all MTL subregions in AD. Atrophy in CA1 and ERC regions was most predictive in 

aMCI subjects, a stage when more selective MTL involvement is expected. Notably, the 

sensitivity for CA1 was slightly stronger than whole hippocampal measurement, supporting 

the potential benefit of this more granular measurement in this population. This finding is 

consistent with results from an earlier study using the same segmentation atlas in a research 

population [25], as well as the literature about neuropathology, which describes earliest NFT 

deposition in these areas [14, 16, 39]. Additionally, other segmentation protocols, both 

manual and automated have similarly found advantages for select hippocampal subregions, 

CA1 or CA1-2, relative to whole hippocampal volume [22, 40, 41]. Compared to the current 
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study findings, Yushkevich et al. (2015) detected slightly stronger early changes in PRC 

areas BA35 and BA36 in aMCIs in a research population. We suspect that this is due to 

increased noise and variability in image quality of the clinical scans, in part related to greater 

issues with subject motion in this population.

However, to look at the discriminatory power of subregional measurements in this clinical 

population of aMCIs and therefore the potential utility in future daily clinical practice, 

individual-level statistics were compared. This analysis demonstrated that differences 

between sensitivity of CA1 and WH are minimal, which is shown by the additional ROC 

statistics (CA1: AUC=0.84; WH: AUC=0.83). This does seem consistent with the idea that 

CA1 is likely a major driver of atrophy in WH in MCI while both CA1 and DG may more 

equally drive WH atrophy in AD. This raises the question if subfield measurements would 

have enough discriminatory power in a clinical population to be implemented in future daily 

clinical practice.

In the current study, the AD population displayed relatively strong group differences with 

controls for all MTL regions, which likely reflected the broad range of severity of this group 

(MMSE range 3 to 29). It is likely by more severe stages of AD that MTL involvement is 

diffuse and that selective hippocampal subregional measurement may not yield enhanced 

discriminatory power beyond a summary measure, such as whole hippocampal volumes, in 

AD. This has been confirmed by ROC curve analyses. In AD there were no differences 

between hippocampal subfields and whole hippocampus in AUCs at all, probably as the 

atrophy was so severe. Notably, in our study whole hippocampal volumes were the sum of 

hippocampal subfield volumes rather than the more traditional measure obtained by 

segmentation of T1-weighted MRI. It has previously been shown that discriminatory results 

from whole hippocampal volumes measured in T2-weighted MRIs are similar to 

segmentation measurements from T1-weighted MRI scans [25]. Importantly, the error in 

whole hippocampal volume measurements tends to be lower than segmenting individual 

subfields, particularly the smaller ones, which may contribute to its sensitivity to disease. 

But improved imaging, motion correction, and segmentation would likely enhance subfield 

measures, which would further enhance discrimination relative to whole hippocampal 

volumes, particularly in prodromal stages of disease. That said, as AD progresses, 

measurement of these regions will have diminishing value, as there is much more diffuse 

MTL involvement in dementia stages. Therefore, this technique might also not be the ideal 

method for measuring disease progression in the more severe stages.

Even though specific subfields may not provide strong differential sensitivity to prodromal 

or dementia-level AD, they may provide better specificity to the cognitive deficits that define 

prodromal or dementia-level AD. A rich memory literature has suggested that different 

subregions of the MTL support different memory representations or processes. For example, 

we might expect that the degree to which there is atrophy of CA1, the greater deficits would 

be in memory retrieval. Alternatively, DG differences may modulate measures of pattern 

separation. However, to which extent this impairment is due to AD pathology, vascular 

disease, or aging is speculative, as it has been investigated that elevated vascular risk and 

smaller CA1 volume predicted variance in delayed recall and CA1 atrophy is also associated 

with aging [35, 42, 43]. Further research on this could address this issue. In addition, this 
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method might be helpful to distingue between AD and dementia with Lewy bodies [44, 45]. 

In AD, a stronger CA1 atrophy is expected and could therefore be a biomarker for 

distinction between those two diseases. Also, the combination with FDG biomarkers, which 

are thought to give complementary information about disease progression, would be 

interesting in future clinical practice and intervention studies [46].

A weakness of this methodology is that automatic segmentation of T2-weighted images 

requires reasonable quality to detect subfield boundaries reliably and is very sensitive to 

subject motion. In this study, about one-fourth of all images had to be excluded because of 

motion artifacts and poor image quality. This is a much higher percentage than recently 

reported using the same methodology in a purely research cohort (6.5% of images were 

excluded) [25]. Notably, most of the images that needed to be excluded were from AD 

patients, due to movement during the scanning process. While T1-weighted scans are more 

robust and less sensitive to motion, they are less suitable for subfield boundary 

discrimination. However, this problem might be solved in the future, because on-scanner 

motion correction systems (http://www.kineticor.com/) have been developed recently [47]. 

In addition, involvement of an expert in the scan selection in daily clinical practice is a weak 

link. So far, our software itself cannot determine whether a scan has high or low quality or a 

segmentation was a success or failure. However, with regard to selection of images with high 

versus low quality, Mortamet et al. (2009) have developed a fully automatic method for 

detection of artifacts in structural MRIs. Their method has been validated on T1-weighted 

1.5 T and 3 T head scans from ADNI and correlated well with quality ratings from an 

independent gold standard source (sensitivity and specificity >85%). According to the 

authors, the selection of cutoff points could be application-specific and extended to other 

contrasts. This method might speed up the selection of scans for automatic segmentation 

replacing an expert [48].

Another limitation of this study is that the present control group was obtained under research 

conditions, and scans were of particularly high quality relative to the clinical scans. This 

may skew the potential discriminatory value of these measures in relation to a clinical 

control population.

CONCLUSION

Applying automatic segmentation of MTL structures in a clinical setting as a potential 

biomarker for prodromal AD is feasible, but issues of image quality in high-resolution T2-

weighted scans remain to be addressed. Even though CA1 and ERC provided the largest 

group differences between aMCIs and controls in absolute terms, there was not a clear 

statistical difference between these subfields and the whole hippocampus in this cohort. 

Leveraging the advantage of subfield measures in clinical populations, as was shown 

previously in research cohorts, will likely require improvements to image quality and image 

analysis. Future studies will also need to determine the relative value of this approach in 

diagnosis, assessing cognitive deficits and mainly its use in addition to other biomarkers in 

the clinical setting.
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Fig. 1. 
Illustration of automatic segmentation of the right medial temporal lobe subfields in a 

coronal T2-weighted MRI scan. CA1, Cornu Ammonis 1; CA2, Cornu Ammonis 2; CA3, 

Cornu Ammonis 3; DG, dentate gyrus; SUB, subiculum; ERC, entorhinal cortex; BA35, 

Brodmann area 35; BA36, Brodmann area 36.
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Fig. 2. 
Group comparisons for all subfield volumes. HC, healthy control; aMCI, amnestic mild 

cognitive impairment; AD, Alzheimer’s disease; CA1, Cornu Ammonis 1; DG, dentate 

gyrus; SUB, subiculum; ERC, entorhinal cortex; BA35, Brodman area 35; BA36, Brodman 

area 36; WH, whole hippocampus.
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Fig. 3. 
Receiver operating characteristic (ROC) curves and area under the curve (AUC) values for 

MTL subfields in aMCI versus HC, and AD versus HC. AUC = 0.5 (discrimination no better 

than chance), AUC = 1 (perfect discrimination); *normalized MTL structures.
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Table 1

Baseline demographic and clinical characteristics by diagnosis group

Group HC (n= 57) aMCI (n=38) AD (n= 67)

Age (years) 69.9 (9.2); 54–88 72.5 (6.9); 58–85 74.75 (8.4); 51–90*

Education (years) 16.4 (2.9); 12–20 15.2 (3.2); 6–20 14.27 (3.6); 0–20*

MMSE score (/30) 29.4 (0.9); 26–30 26.6 (2.7); 18–30** 19.9 (5.3); 3–29**

Gender (Females %) 57.9 52.6 73.1

Data are presented as Mean (standard deviation); Range, unless otherwise indicated. HC, healthy control; aMCI, amnestic mild cognitive 
impairment; AD, Alzheimer’s disease; MMSE, Mini-Mental Status Examination.

*
Significant different from HC, p < 0.01

**
Significant different from HC, p < 0.001.
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Table 2

Group comparisons

Subfield HC
(n= 57)

aMCI
(n = 38)

AD
(n = 67)

HC > aMCI HC > AD aMCI > AD

t value p t value p t value p

CA1 1323.31 1041.04 950.72 5.71 <0.001 8.74 <0.001 0.98 0.328

(in mm3) (172.74) (203.61) (216.83)

DG 746.22 625.81 529.79 3.82 <0.001 8.34 <0.001 2.85 0.006

(in mm3) (97.98) (132.73) (117.91)

SUB 334.12 277.22 266.80 3.52 0.001 4.67 <0.001 0.06 0.955

(in mm3) (48.02) (57.05) (65.30)

ERC* 25.54 20.72 18.07 4.71 <0.001 7.90 <0.001 1.93 0.057

(in mm2) (4.01) (4.12) (3.97)

BA35* 19.71 16.31 14.20 3.26 0.002 5.43 <0.001 1.46 0.147

(in mm2) (3.83) (4.01) (4.21)

BA36* 74.94 65.63 55.36 2.31 0.024 5.27 <0.001 2.61 0.011

(in mm2) (13.78) (14.62) (14.15)

WH 2403.66 1944.08 1747.31 5.29 <0.001 8.78 <0.001 1.50 0.138

(in mm3) (282.44) (358.51) (382.50)

Data are presented as mean values of subfield volume measurements followed by standard deviations in parentheses. Group comparisons are 
presented t values and p values with p < 0.004 after Bonferroni correction. HC, healthy control; aMCI, amnestic mild cognitive impairment; AD, 
Alzheimer’s disease; CA1, Cornu Ammonis 1; DG, dentate gyrus; SUB, subiculum; ERC, entorhinal cortex; BA35, Brodman area 35; BA36, 
Brodman area 36; WH, whole hippocampus.

*
Volumes are normalized by the A-P extent of the segmentation.
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