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Identifying Morphological Patterns of Hippocampal Atrophy in Patients With Mesial Temporal Lobe Epilepsy and Alzheimer Disease
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Purpose: Mesial temporal lobe epilepsy (MTLE) and Alzheimer's disease (AD) are two distinct neurological disorders associated with hippocampal atrophy. Our goal is to analyze the morphologic patterns of hippocampal atrophy to better understand the underlying pathological and clinical characteristics of the two conditions.

Methods: Twenty-five patients with AD and 20 healthy controls with matched age and gender were recruited into the AD group. Twenty-three MTLE patients and 28 healthy controls with matched age and gender were recruited into the MTLE group. All subjects were scanned on 3T-MRI scanner. Automated volumetric analysis was applied to measure and compare the hippocampal volume of the two respective groups. Vertex-based morphologic analysis was applied to characterize the morphologic patterns of hippocampal atrophy within and between groups, and a correlation analysis was performed.

Results: Volumetric analysis revealed significantly decreased hippocampal volume in both AD and MTLE patients compared to the controls. In the patients with AD, the mean total hippocampal volume was 32.70% smaller than that of healthy controls, without a significant difference between the left and the right hippocampus (p < 0.05). In patients with MTLE, a significant reduction in unilateral hippocampal volume was observed, with a mean volume reduction of 28.38% as compared with healthy controls (p < 0.05). Vertex-based morphologic analysis revealed a generalized shrinkage of the hippocampi in AD patients, especially in bilateral medial and lateral regions. In MTLE group, atrophy was seen in the ipsilateral head, ipsilateral lateral body and slightly contralateral tail of the hippocampus (FWE-corrected, p < 0.05).

Conclusions: MTLE and AD have distinctive morphologic patterns of hippocampal atrophy, which provide new insight into the radiology-pathology correlation in these diseases.
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INTRODUCTION

Mesial temporal lobe epilepsy (MTLE) is a common type of focal epilepsy, and affects people of all ages (1). Alzheimer's disease (AD) is a neurodegenerative disorder characterized by progressive memory impairment, typically affecting people aged ≥65 years old (2). Subclinical epileptic discharges can cause significant cognitive impairment in MTLE patients (3). Therefore, a large proportion of epilepsy patients also suffer from memory dysfunction and cognitive impairment (4, 5). With the progression of dementia, the incidence of seizure ranges from 8 to 64% (6–8). Unilateral temporal epileptic discharges have also been reported in AD patients (9). Brain magnetic resonance imaging (MRI) has revealed hippocampal atrophy in both of these disorders (10–13). However, MTLE and AD are fundamentally two different disorders with distinct pathological findings. The characteristic pathologic changes in AD are the extracellular deposition of amyloid beta (Aβ) and intracellular accumulation of tau protein (14), especially in the hippocampi, with bilateral distribution (15, 16). Unilateral hippocampal sclerosis (HS) caused by hippocampal neuronal loss and gliosis is the major pathological finding of MTLE (17). Therefore, we hypothesize that the different pathological changes of the two diseases would contribute to different patterns of hippocampal atrophy.

Recent structural MRI analysis techniques, such as volumetric analysis and subfields-segmentation analysis, have been able to quantitatively assess hippocampal atrophy (18–21). However, neither volumetric measurements nor subfields segmentation can fully demonstrate the specific structural and morphological abnormalities of the hippocampus. Morphologic analysis, as a complementary tool to the volumetric analysis and subfields analysis, provides qualitative information about the specific subcortical gray matter changes in neurological disorders, which may help us to depict the detailed neuroimaging difference between the two diseases (22–24).

In this study, we applied volumetric analysis to quantitatively measure hippocampal atrophy, and morphologic analysis to qualitatively identify the patterns of hippocampal atrophy in patients with AD and MTLE. We hope to better understand the correlation between the underlying pathological process and the distinctive radiological finding of each disease.



MATERIALS AND METHODS

All procedures of the study were approved by the Ethics Committee of Xuanwu Hospital. Participants were recruited from the Department of Neurology of Xuanwu Hospital, Capital Medical University, between September 2010 and July 2017. All participants received appropriate information about the study protocol and gave written informed consent for the study and publication in accordance with the Helsinki Declaration.


MTLE Group

Twenty-three right-handed patients with unilateral MTLE were recruited (13 males, 10 females, ages 32 ± 7.6 years). All the patients fulfilled the diagnostic criteria for MTLE according to the ILAE criteria (25): (a) clinical right-handed unilateral MTLE with typical mesial-temporal auras and ictal semiology; (b) interictal temporal spikes and/or intermittent rhythmic activities on electroencephalography (EEG); (c) unilateral HS on MRI with hippocampal atrophy on T1-weighted images, increased mesial temporal signal intensity on T2-weighted and/or fluid attenuation and inversion recovery (FLAIR)-weighted images (26); (d) no abnormal MRI findings other than HS; (e) no mass lesions (malformations of cortical development, vascular malformations, tumor); (f) no history of severe brain trauma.

Twenty-eight right-handed healthy controls with matched age and gender (13 males, 15 females, ages 28 ± 8.8 years) were recruited. Controls with any initial precipitating injury (IPI) or neurological disorder comorbidity were excluded.

Demographic and clinical data include history of initial precipitating injury (IPI) and clinical event. IPIs were defined by significant seizure and non-seizure events before age of 5, and were necessary to generate the pattern and profile of hippocampal sclerosis, including: febrile seizures, afebrile seizures, encephalitis, anoxia, head trauma, birth trauma, intracerebral bleeding (27). In our study, two of 23 patients with MTLE had febrile seizures, two patients had a history of afebrile seizures, one patient had anoxia during the perinatal period, and none of the patients had other IPIs. The clinical event showed different clinical-pathological findings of the hippocampus, including: genetic susceptibility, age of IPI, age of habitual seizure onset, latent period from IPI to habitual seizure, duration of epilepsy, frequency of epilepsy. None of our patients had family history of seizure indicating no genetic susceptibility. Our age of IPI was 4 ± 2.9, age of habitual seizure onset was 20 ± 12.6, duration of epilepsy was 12 ± 5.2, latent period was 16 ± 13.1.



AD Group

Twenty-five patients with AD were recruited (14 males, 11 females, ages 67 ± 7.5 years). Patients were included if they had (a) Mini-Mental State Examination (MMSE) scores of 20–26, (b) Clinical Dementia Rating (CDR) score of 1, (c) Related Disorders Association criteria for AD, (d) Geriatric Depression Scale score less than or equal to 6, and (e) no other significant neurological disorder.

Twenty healthy controls with matched age and gender (12 males, 8 females, ages 64 ± 7.1 years) were recruited. Inclusion criteria were the following: no current history of depression or dementia, MMSE scores of 24 to 30 and a CDR score of zero.



MRI Acquisition

MRI scans were obtained using a Siemens (Erlangen, Germany) 3T trio scanner. For the identification of hippocampal atrophy, the routine MR images were obtained by the following parameters. Transverse conventional T1-weighted images: repetition time (TR) = 600 ms, echo time (TE) = 8.10 ms, flip angle (FA) = 8°, field of view (FOV) = 230 mm × 180 mm, matrix = 256 × 174. Transverse turbo spin echo T2-weighted images: TR = 4,704 ms, TE = 80 ms, FA = 90°, FOV = 230 mm × 180 mm, matrix = 368 × 215. Coronal fluid-attenuated inversion recovery (FLAIR) images: TR = 9,900 ms, TE = 120 ms, FA = 120°, FOV = 230 mm × 180 mm, matrix = 276 × 136. All participants underwent the MRI scan with the same parameters. The images from patients with MTLE were visually confirmed to have HS according to the ILAE criteria, and the images from the patients with AD were visually confirmed to have bilateral hippocampal atrophy. All the MR images from healthy controls did not show any structural abnormalities.

For volumetric analysis, the T1-weighted images were acquired using a 3D magnetization prepared rapid acquisition with gradient echo (MPRAGE) sequence. The imaging parameters were: TR = 2,400 ms, TE = 3.16 ms, FA = 8°, FOV = 256 mm × 256 mm, matrix = 256 × 256, voxel size = 1 × 1 × 1 mm3. All the 3D T1-weighted MPRAGE images underwent automated volumetric processing.




ANALYSIS PROCEDURE


Volumetric Analysis

Volumetric measurement and comparison of the hippocampus in two groups were performed using the FreeSurfer image analysis suite (version 5.3.0, https://surfer.nmr.mgh.harvard.edu). The process included motion correction, removal of non-brain tissue by applying a hybrid watershed procedure, automated Talairach transformation, and segmentation of the subcortical gray matter volumetric structures (28, 29).

The volumetric analysis was conducted by the FreeSurfer as follows:

(1) Automated segmentation and normalization. The subcortical gray matter structures underwent automated segmentation using Bayesian inference and a probabilistic atlas of hippocampal formation based on manual delineations of ultra-high resolution T1-weighted images (30). The hippocampus was defined as the region of interest (ROI), the accuracy of ROI in each subject was visually verified, and the data with segmentation errors were excluded before subsequent analyses. The most fitting hippocampal model was chosen for display (Figure 1A). Total intracranial volume (TIV) was calculated by summing the volumes of the gray matter, white matter, and cerebrospinal fluid. The raw hippocampal volume was normalized to the TIV, and to compensate for inter-individual variability in head size. Normalized hippocampal values were calculated as follows: [Raw hippocampal volume/total intracranial volume] × 1,000 (31).

(2) Statistical analysis. To evaluate the hippocampal volumetric differences between groups, independent sample t-test and analysis were performed after adjusting for covariates (age, gender, and TIV) by a general linear model, with a priori determined significance level of p < 0.05 considered to be statistically significant. All data was analyzed and confirmed using the Statistical Package for Social Science Software (Version 21; IBM, Armonk, New York).
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FIGURE 1. Hippocampus and subcortical structure delineation by different image segmentation tools. (A) Segmentation of hippocampus using the FreeSurfer surface delineation (blue) and manual delineation of the hippocampus (red) on coronal slices. (B) Automated segmentation of subcortical structures (including hippocampus, amygdala, caudate, nucleus accumbens, putamen, globus pallidus, and thalamus) by FSL-FIRST.




Morphologic Analysis
 
Registration

Morphologic analysis of the hippocampus was carried out by the FSL-FIRST software (version 5.0.6, http://www.fmrib.ox.ac.uk/fsl). FSL-FIRST is a model-based registration and segmentation tool. The subcortical structures (viz. unilateral hippocampus) in volumetric T1-weighted MRI images were transformed into MNI 152 standard space to maintain the correspondence of the vertex in the following mesh models, called the registration in FIRST.



Standard-Flipping

In patients with MTLE, we used the standard-flipping of FSL-FISRT to quantify the differences between the right and the left portions of the hippocampi. The right hippocampal transformation of right-MTLE was coregistered to the left hippocampal transformation. The differences were parametrically tested by a minimum mean squared error and the final results were projected on the normal control hippocampus. The shapes of the ipsilateral and the contralateral hippocampi were separately compared with the normal hippocampus.



Automated Segmentation and Comparison

These subcortical structures were automatically segmented based on mesh models and voxel intensities. The mesh is composed of a group of triangles, and the apex of the adjoining triangles is called a vertex. The number of vertices in each mesh matched for the subcortical structure is fixed, so that corresponding vertex can be compared across subjects and between groups (i.e., MTLE group and AD group). The expected vertex correspondence is optimized by constraining within-surface motion and smoothed within the 3D deformable model (19). The shape of the model is expressed as the modes of variation (principal components), based on multivariate Gaussian assumptions (Figure 1B). After automated segmentation by FIRST, all subcortical-structure segmentations were manually double-checked to confirm the accuracy of the image registration and hippocampal segmentation. Group comparisons of vertices (control vs. MTLE, control vs. AD) were carried out using multivariate F-statistics. TIV, age, and gender are covariates of no interest (32). Statistical analysis was then performed by non-parametric permutation testing with the threshold set at cluster-level p < 0.05, corrected for multiple comparisons using family-wise error (FWE). The regional morphological changes of the hippocampus within the groups were explored (FWE-corrected, p < 0.05) (19, 33, 34).





RESULTS


Volumetric Analysis
 
MTLE Group

Twenty-three MTLE patients and 28 healthy controls underwent automatic volumetric analysis of the hippocampus. After correcting for TIV, age, and gender, the unilateral hippocampal volume of the patients with MTLE was significantly reduced. The mean ipsilateral hippocampal volume of the patients was 2,650 mm3, which was on average 28.38% smaller as compared to the controls (the average volume of 3,700 mm3) (p = 0.015) (Figure 2A), while the mean contralateral hippocampal volume of the patients was 3624.83 mm3, similar to that of the control group (the average volume of 3,667 mm3) (p = 0.137).
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FIGURE 2. Comparisons of hippocampal volume between patients and controls. (A) The average volume of the ipsilateral hippocampus of the patients with MTLE was 28.38% (1,050 mm3) less than that of the healthy controls (p < 0.05). (B) The average volume of the hippocampi in patients with AD was 32.70% (817.44 mm3) less than that of the healthy controls (p < 0.05). MTLE, mesial temporal lobe epilepsy; AD, Alzheimer's disease.




AD Group

In patients with AD, significant differences in hippocampal volume were observed between the AD patients and the healthy controls after adjusting for TIV, age, and gender as covariates. The bilateral mean total hippocampal volume of patients with AD was 1682.56 mm3, whereas that of the controls was 2,500 mm3, 32.70% less than that of the healthy controls (p = 0.026) (Figure 2B). There was no significant difference observed between the volume of the left hippocampus and the right hippocampus (p = 0.183).




Morphologic Analysis
 
MTLE Group

Vertex-based morphologic analysis of the hippocampus between the patients with MTLE and the healthy controls showed significant ipsilateral (left) hippocampal atrophy in the anterior region, corresponding to the anatomical head of the hippocampus. A part of the ipsilateral lateral body of the hippocampus also had atrophy, which could be detected in Figures 3F,H (FWE-corrected, p < 0.05). The contralateral (right) hippocampus showed slight deformation in the posterior region, which is corresponded to the tail of the hippocampus (FWE-corrected, p < 0.05) (Figures 3B,D,F,H).
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FIGURE 3. Morphologic views of hippocampi in patients with MTLE (B,D,F,H) and AD (A,C,E,G) from a superior, inferior, right lateral side and left lateral side. The results were color-coded by uncorrected F-statistic values. The transition from red to blue indicates an increase from lower to higher statistical significance, with blue indicating p < 0.05. Patients with MTLE had hippocampal atrophy predominantly in the ipsilateral head, partly in the ipsilateral lateral body and slightly in the contralateral tail (blue). The right-sided atrophic hippocampi of patients with MTLE were flipped to the left to facilitate comparison with those of the patients with AD. Patients with AD had generalized bilateral hippocampal atrophy, primarily in the medial and lateral regions and a small proportion of anterior and posterior regions (blue), most of the anterior and posterior regions had no significant atrophy (green and red). MTLE, mesial temporal lobe epilepsy; AD, Alzheimer's disease; FWE, Family-Wise Error.




AD Group

Morphologic analysis revealed generalized deformation of bilateral hippocampi in patients with AD as compared to the healthy controls. Almost the entire hippocampi had significant atrophy in patients with AD, predominantly in the medial and lateral regions (FWE-corrected, p < 0.05). Although atrophy was also detected in the anterior and posterior of hippocampi, most of these regions were spared. No regional expansions were observed in comparison with the healthy controls (Figures 3A,C,E,G).





DISCUSSION


Quantitative Atrophy of Hippocampus

The hippocampal atrophy in both MTLE and AD can be quantitatively measured by volumetric analysis using structural MRI techniques. We examined and measured the overall volume of the hippocampus in patients with MTLE and AD. Both showed the significant decreased volume of the hippocampus compared to their respective controls. Patients with MTLE had a 28.38% reduction of hippocampal volume unilaterally as compared with their healthy controls (p < 0.05), consistent with previous findings (33, 35). Patients with AD had an average 32.70% reduction of hippocampal volume bilaterally as compared with healthy controls (p < 0.05), without significant differences between the left and right sides. The degree of hippocampal volume loss in patients with AD was consistent with previous studies (34, 36–38). The hippocampal volume loss observed in our study confirms that the degree of hippocampal atrophy in these two diseases can be objectively and quantitatively measured by volumetric analysis.



Distinctive Morphological Atrophy of Hippocampus

The vertex-based morphologic analysis using fully automated methods can provide qualitative information about the subcortical structures. Anatomically, the hippocampus can be divided into the head, body, and tail (22–24). On the horizontal view of a structural MRI, the head is located in the anterior region of the hippocampus, the body is in the medial and lateral regions, and the tail is in the posterior region.

The MTLE with HS is a progressive pathological injury in which clinical-pathological studies found more than one pathogenic factors. The injury factors may include IPI, genetic susceptibility, and more than one excitotoxic event occurring during or after IPI. Although IPI is a surrogate marker of cerebral injury, and some HS types are linked to specific IPI types (17), the duration of epilepsy is associated with the secondary neuron losses and hippocampal atrophy. Previous studies showed: higher prevalence of febrile convulsions [9 of 20 TLE patients (39),15 of 40 TLE patients (40)], secondary generalized tonic-clonic seizures [14 of 20 TLE patients (39)], and longer duration of epilepsy [17 ± 11 years (39), 20.0 ± 15.5 years (40)] presented extensive ipsilateral or contralateral hippocampal atrophy, some with highest effect sizes in anterior divisions. Recent studies also demonstrated that longer duration of seizures [21.3 ± 9.6 years (41), 20.8 ± 19.6 years (33), 17 ± 11 years (39)] were associated with decreased neuron densities in all hippocampal subfields and the time course to detect damage was very long (over 30 years or more). While a milder clinical course, such as a relatively shorter duration of epilepsy [14.6 ± 12.7 years (41)] was associated with marked diffused areas of hippocampal atrophy, including ipsilateral head, medioventral body, and contralateral lateral tail. In our study, the duration of epilepsy played a more important role in the pattern of hippocampal atrophy and added to different clinical-pathological findings. The patients with MTLE in our study had a shorter duration of epilepsy (12 ± 5.2 years), corresponding to the finding described above, showed more diffused hippocampal atrophies: ipsilateral head atrophy, partly ipsilateral lateral body atrophy and slightly contralateral tail atrophy.

In the AD patients, almost the entire hippocampus was atrophied, including the bilateral medial and lateral regions, while most of the anterior and posterior regions of hippocampi were spared. Cross-sectional studies showed that the hippocampus was completely atrophied in patients with late-stage of AD, whereas the atrophy in patients with mild cognitive impairment (MCI) was mostly restricted to the anterior and adjacent medial aspects of the hippocampus (42, 43). More profound hippocampal atrophy was observed on the medial and lateral aspects of hippocampus in patients with middle-stage of AD as compared to those with MCI (44–46). The patients in our group had mild-stage of AD, with CDR scores of 1, and demonstrated significant medial and lateral atrophy of the hippocampus. This pattern matches their clinical stage and also corresponds with the known pathophysiology of AD. Tau protein deposition typically started from the medial and lateral regions of the hippocampus (47). A higher burden of tau protein deposition indicated a higher severity of hippocampal atrophy (48). The neurofibrillary tangles (NFT) primarily appeared in the medial portion of the hippocampus, and then spread generally (49). These mechanisms result in neuronal loss in the hippocampus which may explain the progressive synaptic degeneration and hippocampal circuit remodeling (50).



Morphologic Analysis Compared to the Subfields Analysis

Subfields analysis, using advanced automated structural MRI techniques, can provide useful and qualitative information about the hippocampus. According to histopathological studies, the hippocampus is divided into different subfields: the gyrus dentate (GD), and the Cornu Ammonis (CA1, CA2, CA3, and CA4), which correspond to different arrangements and shapes of pyramidal neurons (17, 41, 51). Subfields analysis can anatomically delineate these subfields, measure the volume of each subfield and detect the most significant subfield atrophy. Subfields analysis revealed that atrophy in the CA1 subfield was more prominent in MTLE patients than in healthy controls (41, 51). The CA1 subfield was vulnerable to IPI which led to the pyramidal cell loss in MTLE with HS (52, 53). In patients with AD, subfields analysis also found the evident atrophy in CA1 subfield compared to elderly controls (36, 54, 55), and the neuronal loss in CA1 subfield had been described as being primarily caused by accumulation of tau protein (56).

It is important to note that the subfield analysis had been shown to be more sensitive with the outer subfields of the hippocampus, such as CA1 and subiculum, and less sensitive with the inner subfields, such as CA3-4 and DG (57). The subfield volume estimated by this method was larger than the actual volume confirmed by manual measurement (18). Instead, we divided the hippocampus into head, body, and tail according to well-established anatomical landmarks, and assessed HS subtypes indicated gradual feature changes, particularly concerning columnar volume. In conclusion, the morphologic analysis is more accurate to describe the external shape of the hippocampus qualitatively (36, 41).




LIMITATIONS

Limitations of this study include its relatively small sample sizes and variable clinical characteristics within and among the groups. The patients with MTLE were variable in epilepsy duration, seizure onset age, seizure frequency, seizure intractability, and medications (33, 35). The patients with AD had variability in their dementia onset age, disease duration, APOE ε4 genotype and education years (44–46). The APOE ε4 genotypes of all the AD patients were not collected and included in our study. Better controlling for these factors in further studies may help to further define the correlations between these diseases and specific patterns of hippocampal atrophy. Also, age differences between the two groups may lead to bias in outcome. Our study focused on MTLE with HS, and the mean seizure onset age of these patients was 20, consistent with the epidemiological distribution of the MTLE with HS (52). Our study recruited AD patients with average onset age at 67. We compared the patients with MTLE and AD with respective age-matched controls. Furthermore, our retrospective analysis of hippocampal atrophy was not designed to assess changes associated with disease progression. Future longitudinal prospective studies may provide more information about the relationship between hippocampal atrophy and disease progression.



CONCLUSIONS

The distinct hippocampal atrophy patterns between MTLE and AD, as assessed by volumetric analysis and morphologic analysis, may serve as structural identifiers and provide new insight into the correlation between radiological findings and the underlying pathologies in each.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

All procedures of the retrospective study had the approval of the Xuanwu Hospital Ethics Committee and were in accordance with the Declaration of Helsinki. Participants were recruited from the Department of Neurology of Xuanwu Hospital, Capital Medical University, between September 2010 and July 2017. The informed consent was obtained from all participants in the study.



AUTHOR CONTRIBUTIONS

YD collected and analyzed the clinical data, designed the study and wrote the manuscript. YL oversaw data acquisition, conceived and revised the manuscript. DR reviewed all the clinical data and critically revised the manuscript. JD and LH performed post-MRI processing and analyzed the clinical data. YW supervised the study and reviewed the manuscript.



FUNDING

This work was supported by the Beijing Municipal Science and Technology Subject (Z161100002616001), Beijing Municipal Education Commission (TJSH20161002502), Beijing Key Clinical Speciality Excellence Project, the National Key Research and Development Program of China (2019YFC0121200, 2018YFC1314500), and China Postdoctoral Science Foundation (2019M660720).



ACKNOWLEDGMENTS

We thank Liankun Ren and Zhaoyang Huang in Xuanwu Hospital, Capital Medical University, Beijing for the assistance of study design and clinical data analysis.



REFERENCES

 1. Sadler RM. The syndrome of mesial temporal lobe epilepsy with hippocampal sclerosis: clinical features and differential diagnosis. Adv Neurol. (2006) 97:27–37.

 2. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer's disease. Lancet. (2011) 377:1019–31. doi: 10.1016/S0140-6736(10)61349-9

 3. Lam AD, Deck G, Goldman A, Eskandar EN, Noebels J, Cole AJ. Silent hippocampal seizures and spikes identified by foramen ovale electrodes in Alzheimer's disease. Nat Med. (2017) 23:678–80. doi: 10.1038/nm.4330

 4. Bell B, Lin JJ, Seidenberg M, Hermann B. The neurobiology of cognitive disorders in temporal lobe epilepsy. Nat Rev Neurol. (2011) 7:154–64. doi: 10.1038/nrneurol.2011.3

 5. Helmstaedter C, Kockelmann E. Cognitive outcomes in patients with chronic temporal lobe epilepsy. Epilepsia. (2006) 47(Suppl. 2):96–8. doi: 10.1111/j.1528-1167.2006.00702.x

 6. Zarea A, Charbonnier C, Rovelet-Lecrux A, Nicolas G, Rousseau S, Borden A, et al. Seizures in dominantly inherited Alzheimer disease. Neurology. (2016) 87:912–9. doi: 10.1212/WNL.0000000000003048

 7. Vossel KA, Tartaglia MC, Nygaard HB, Zeman AZ, Miller BL. Epileptic activity in Alzheimer's disease: causes and clinical relevance. Lancet Neurol. (2017) 16:311–22. doi: 10.1016/S1474-4422(17)30044-3

 8. Sherzai D, Losey T, Vega S, Sherzai A. Seizures and dementia in the elderly: nationwide Inpatient Sample 1999–2008. Epilepsy Behav. (2014) 36:53–6. doi: 10.1016/j.yebeh.2014.04.015

 9. Vossel KA, Beagle AJ, Rabinovici GD, Shu H, Lee SE, Naasan G, et al. Seizures and epileptiform activity in the early stages of Alzheimer disease. JAMA Neurol. (2013) 70:1158–66. doi: 10.1001/jamaneurol.2013.136

 10. Coan AC, Campos BM, Beltramini GC, Yasuda CL, Covolan RJ, Cendes F. Distinct functional and structural MRI abnormalities in mesial temporal lobe epilepsy with and without hippocampal sclerosis. Epilepsia. (2014) 55:1187–96. doi: 10.1111/epi.12670

 11. Peters F, Collette F, Degueldre C, Sterpenich V, Majerus S, Salmon E. The neural correlates of verbal short-term memory in Alzheimer's disease: an fMRI study. Brain. (2009) 132(Pt 7):1833–46. doi: 10.1093/brain/awp075

 12. Dennis EL, Thompson PM. Functional brain connectivity using fMRI in aging and Alzheimer's disease. Neuropsychol Rev. (2014) 24:49–62. doi: 10.1007/s11065-014-9249-6

 13. Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, et al. National Institute on Aging-Alzheimer's Association guidelines for the neuropathologic assessment of Alzheimer's disease. Alzheimers Dement. (2012) 8:1–13. doi: 10.1016/j.jalz.2011.10.007

 14. Querfurth HW, LaFerla FM. Alzheimer's disease. N Engl J Med. (2010) 362:329–44. doi: 10.1056/NEJMra0909142

 15. Whitwell JL, Dickson DW, Murray ME, Weigand SD, Tosakulwong N, Senjem ML, et al. Neuroimaging correlates of pathologically defined subtypes of Alzheimer's disease: a case-control study. Lancet Neurol. (2012) 11:868–77. doi: 10.1016/S1474-4422(12)70200-4

 16. Wahlund LO, Almkvist O, Blennow K, Engedahl K, Johansson A, Waldemar G, et al. Evidence-based evaluation of magnetic resonance imaging as a diagnostic tool in dementia workup. Top Magn Reson Imaging. (2005) 16:427–37. doi: 10.1097/01.rmr.0000245463.36148.12

 17. Thom M. Review: hippocampal sclerosis in epilepsy: a neuropathology review. Neuropathol Appl Neurobiol. (2014) 40:520–43. doi: 10.1111/nan.12150

 18. de Flores R, La Joie R, Landeau B, Perrotin A, Mézenge F, de La Sayette V, et al. Effects of age and Alzheimer's disease on hippocampal subfields: comparison between manual and FreeSurfer volumetry. Hum Brain Mapp. (2015) 36:463–74. doi: 10.1002/hbm.22640

 19. Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A Bayesian model of shape and appearance for subcortical brain segmentation. Neuroimage. (2011) 56:907–22. doi: 10.1016/j.neuroimage.2011.02.046

 20. Holla B, Bharath RD, Venkatasubramanian G, Benegal V. Altered brain cortical maturation is found in adolescents with a family history of alcoholism. Addict Biol. (2018) 24:835–45. doi: 10.1111/adb.12662

 21. Mamah D, Alpert KI, Barch DM, Csernansky JG, Wang L. Subcortical neuromorphometry in schizophrenia spectrum and bipolar disorders. NeuroImage Clin. (2016) 11:276–286. doi: 10.1016/j.nicl.2016.02.011

 22. Govindarajan KA, Datta S, Hasan KM, Choi S, Rahbar MH, Cofield SS, et al. Effect of in-painting on cortical thickness measurements in multiple sclerosis: a large cohort study. Hum Brain Mapp. (2015) 36:3749–60. doi: 10.1002/hbm.22875

 23. Lindberg O, Walterfang M, Looi JC, Malykhin N, Ostberg P, Zandbelt B, et al. Hippocampal shape analysis in Alzheimer's disease and frontotemporal lobar degeneration subtypes. J Alzheimers Dis. (2012) 30:355–65. doi: 10.3233/JAD-2012-112210

 24. Ocakoglu G, Taskapilioglu MO, Ercan I, Demir AB, Hakyemez B, Bekar A, et al. Statistical shape analysis of temporal lobe in mesial temporal sclerosis patients. Acta Neurochir. (2015) 157:1897–903; discussion: 1903. doi: 10.1007/s00701-015-2555-9

 25. Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, van Emde Boas W, et al. Revised terminology and concepts for organization of seizures and epilepsies: report of the ILAE Commission on Classification and Terminology, 2005-2009. Epilepsia. (2010) 51:676–85. doi: 10.1111/j.1528-1167.2010.02522.x

 26. Jackson GD, Berkovic SF, Duncan JS, Connelly A. Optimizing the diagnosis of hippocampal sclerosis using MR imaging. AJNR Am J Neuroradiol. (1993) 14:753–62.

 27. Blümcke I, Thom M, Aronica E, Armstrong DD, Bartolomei F, Bernasconi A, et al. International consensus classification of hippocampal sclerosis in temporal lobe epilepsy: a Task Force report from the ILAE Commission on Diagnostic Methods. Epilepsia. (2013) 54:1315–29. doi: 10.1111/epi.12220

 28. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron. (2002) 33:341–55. doi: 10.1016/S0896-6273(02)00569-X

 29. Fischl B, Salat DH, van der Kouwe AJ, Makris N, Ségonne F, Quinn BT, et al. Sequence-independent segmentation of magnetic resonance images. Neuroimage. (2004) 23(Suppl. 1):S69–84. doi: 10.1016/j.neuroimage.2004.07.016

 30. Van Leemput K, Bakkour A, Benner T, Wiggins G, Wald LL, Augustinack J, et al. Automated segmentation of hippocampal subfields from ultra-high resolution in vivo MRI. Hippocampus. (2009) 19:549–57. doi: 10.1002/hipo.20615

 31. Westman E, Aguilar C, Muehlboeck JS, Simmons A. Regional magnetic resonance imaging measures for multivariate analysis in Alzheimer's disease and mild cognitive impairment. Brain Topogr. (2013) 26:9–23. doi: 10.1007/s10548-012-0246-x

 32. Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation inference for the general linear model. Neuroimage. (2014) 92:381–97. doi: 10.1016/j.neuroimage.2014.01.060

 33. Kim JB, Suh SI, Kim JH. Volumetric and shape analysis of hippocampal subfields in unilateral mesial temporal lobe epilepsy with hippocampal atrophy. Epilepsy Res. (2015) 117:74–81. doi: 10.1016/j.eplepsyres.2015.09.004

 34. Barnes J, Scahill RI, Schott JM, Frost C, Rossor MN, Fox NC. Does Alzheimer's disease affect hippocampal asymmetry? Evidence from a cross-sectional and longitudinal volumetric MRI study. Dement Geriatr Cogn Disord. (2005) 19:338–44. doi: 10.1159/000084560

 35. Schoene-Bake JC, Keller SS, Niehusmann P, Volmering E, Elger C, Deppe M, et al. In vivo mapping of hippocampal subfields in mesial temporal lobe epilepsy: relation to histopathology. Hum Brain Mapp. (2014) 35:4718–28. doi: 10.1002/hbm.22506

 36. Scher AI, Xu Y, Korf ES, White LR, Scheltens P, Toga AW, et al. Hippocampal shape analysis in Alzheimer's disease: a population-based study. Neuroimage. (2007) 36:8–18. doi: 10.1016/j.neuroimage.2006.12.036

 37. Becker JT, Davis SW, Hayashi KM, Meltzer CC, Toga AW, Lopez OL, et al. Three-dimensional patterns of hippocampal atrophy in mild cognitive impairment. Arch Neurol. (2006) 63:97–101. doi: 10.1001/archneur.63.1.97

 38. Csernansky JG, Wang L, Joshi S, Miller JP, Gado M, Kido D, et al. Early DAT is distinguished from aging by high-dimensional mapping of the hippocampus. Dementia of the Alzheimer type. Neurology. (2000) 55:1636–43. doi: 10.1212/WNL.55.11.1636

 39. Bernhardt BC, Bernasconi A, Liu M, Hong SJ, Caldairou B, Goubran M, et al. The spectrum of structural and functional imaging abnormalities in temporal lobe epilepsy. Ann Neurol. (2016) 80:142–53. doi: 10.1002/ana.24691

 40. Finegersh A, Avedissian C, Shamim S, Dustin I, Thompson PM, Theodore WH. Bilateral hippocampal atrophy in temporal lobe epilepsy: effect of depressive symptoms and febrile seizures. Epilepsia. (2011) 52:689–697. doi: 10.1111/j.1528-1167.2010.02928.x

 41. Mumoli L, Labate A, Vasta R, Cherubini A, Ferlazzo E, Aguglia U, et al. Detection of hippocampal atrophy in patients with temporal lobe epilepsy: a 3-Tesla MRI shape. Epilepsy Behav. (2013) 28:489–93. doi: 10.1016/j.yebeh.2013.05.035

 42. McDonald CR, Gharapetian L, McEvoy LK, Fennema-Notestine C, Hagler DJ, Holland D, et al. Relationship between regional atrophy rates and cognitive decline in mild cognitive impairment. Neurobiol Aging. (2012) 33:242–53. doi: 10.1016/j.neurobiolaging.2010.03.015

 43. Bokde A, Brennan D, Hamill M, McNulty JP, Mullins PG, Farrell D. Shape differences of the hippocampus and thalamus in risk-stratified mci groups. Alzheimer's Dementia. (2014) 10:P901. doi: 10.1016/j.jalz.2014.07.086

 44. Costafreda SG, Dinov ID, Tu Z, Shi Y, Liu CY, Kloszewska I, et al. Automated hippocampal shape analysis predicts the onset of dementia in mild cognitive impairment. Neuroimage. (2011) 56:212–9. doi: 10.1016/j.neuroimage.2011.01.050

 45. Thompson PM, Hayashi KM, De Zubicaray GI, Janke AL, Rose SE, Semple J, et al. Mapping hippocampal and ventricular change in Alzheimer disease. Neuroimage. (2004) 22:1754–66. doi: 10.1016/j.neuroimage.2004.03.040

 46. Morra JH, Tu Z, Apostolova LG, Green AE, Avedissian C, Madsen SK, et al. Automated mapping of hippocampal atrophy in 1-year repeat MRI data from 490 subjects with Alzheimer's disease, mild cognitive impairment, and elderly controls. Neuroimage. (2009) 45(1 Suppl):S3–15. doi: 10.1016/j.neuroimage.2008.10.043

 47. Braak H, Braak E. Staging of Alzheimer's disease-related neurofibrillary changes. Neurobiol Aging. (1995) 16:271–8; discussion: 278–84. doi: 10.1016/0197-4580(95)00021-6

 48. Franko E, Joly O Alzheimer's Disease Neuroimaging Initiative. Evaluating Alzheimer's disease progression using rate of regional hippocampal atrophy. PLoS ONE. (2013) 8:e71354. doi: 10.1371/journal.pone.0071354

 49. Schonheit BR, Zarski Ohm TG. Spatial and temporal relationships between plaques and tangles in Alzheimer-pathology. Neurobiol Aging. (2004) 25:697–711. doi: 10.1016/j.neurobiolaging.2003.09.009

 50. Noebels J. A perfect storm: converging paths of epilepsy and Alzheimer's dementia intersect in the hippocampal formation. Epilepsia. (2011) 52(Suppl 1):39–46. doi: 10.1111/j.1528-1167.2010.02909.x

 51. Hogan RE, Carne RP, Kilpatrick CJ, Cook MJ, Patel A, King L, et al. Hippocampal deformation mapping in MRI negative PET positive temporal lobe epilepsy. J Neurol Neurosurg Psychiatry. (2008) 79:636–40. doi: 10.1136/jnnp.2007.123406

 52. Blumcke I. Neuropathology of focal epilepsies: a critical review. Epilepsy Behav. (2009) 15:34–9. doi: 10.1016/j.yebeh.2009.02.033

 53. Thom M, Zhou J, Martinian L, Sisodiya S. Quantitative post-mortem study of the hippocampus in chronic epilepsy: seizures do not inevitably cause neuronal loss. Brain. (2005) 128(Pt 6):1344–57. doi: 10.1093/brain/awh475

 54. Wang L, Miller JP, Gado MH, McKeel DW, Rothermich M, Miller MI, et al. Abnormalities of hippocampal surface structure in very mild dementia of the Alzheimer type. Neuroimage. (2006) 30:52–60. doi: 10.1016/j.neuroimage.2005.09.017

 55. Mueller SG, Weiner MW. Selective effect of age, Apo e4, and Alzheimer's disease on hippocampal subfields. Hippocampus. (2009) 19:558–64. doi: 10.1002/hipo.20614

 56. Calderon-Garciduenas AL, Duyckaerts C. Alzheimer disease. Handb Clin Neurol. (2017) 145:325–37. doi: 10.1016/B978-0-12-802395-2.00023-7

 57. Mueller SG, Laxer KD, Barakos J, Cheong I, Garcia P, Weiner MW. Subfield atrophy pattern in temporal lobe epilepsy with and without mesial sclerosis detected by high-resolution MRI at 4 Tesla: preliminary results. Epilepsia. (2009) 50:1474–83. doi: 10.1111/j.1528-1167.2009.02010.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Duan, Lin, Rosen, Du, He and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Identifying Morphological Patterns of Hippocampal Atrophy in Patients With Mesial Temporal Lobe Epilepsy and Alzheimer Disease



		Introduction



		Materials and Methods



		MTLE Group



		AD Group



		MRI Acquisition







		Analysis Procedure



		Volumetric Analysis



		Morphologic Analysis



		Registration



		Standard-Flipping



		Automated Segmentation and Comparison













		Results



		Volumetric Analysis



		MTLE Group



		AD Group









		Morphologic Analysis



		MTLE Group



		AD Group













		Discussion



		Quantitative Atrophy of Hippocampus



		Distinctive Morphological Atrophy of Hippocampus



		Morphologic Analysis Compared to the Subfields Analysis







		Limitations



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Identifying Morphological Patterns

of Hippocampal Atrophy in Patients

With Mesial Temporal Lobe Epilepsy
and Alzheimer Disease





OPS/images/fneur-11-00021-g001.gif
" °
& A ”%
e





OPS/images/fneur-11-00021-g003.gif





OPS/images/fneur-11-00021-g002.gif
oy

: o I - l I

- e










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





