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Abstract

Transactive response DNA-binding protein 43 (TDP-43) pathology is common in old age and is 

strongly associated with cognitive decline and dementia above and beyond contributions from 

other neuropathologies. TDP-43 pathology in aging typically originates in the amygdala, a brain 

region also affected by other age-related neuropathologies such as Alzheimer’s pathology. The 

purpose of this study was two-fold: to determine the independent effects of TDP-43 pathology on 

the volume, as well as shape, of the amygdala in a community cohort of older adults, and to 

determine the contribution of amygdala volume to the variance of the rate of cognitive decline 

after accounting for the contributions of neuropathologies and demographics. Cerebral 

hemispheres from 198 participants of the Rush Memory and Aging Project and the Religious 

Orders Study were imaged with MRI ex-vivo and underwent neuropathologic examination. 

Measures of amygdala volume and shape were extracted for all participants. Regression models 

controlling for neuropathologies and demographics showed an independent negative association of 

TDP-43 with the volume of the amygdala. Shape analysis revealed a unique pattern of amygdala 

deformation associated with TDP-43 pathology. Finally, mixed effects models showed that 

amygdala volume explained an additional portion of the variance of the rate of decline in global 

cognition, episodic memory, semantic memory, and perceptual speed, above and beyond what was 

explained by demographics and neuropathologies.
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1. Introduction

Transactive response DNA-binding protein 43 (TDP-43) pathology, the primary protein 

abnormality in the rare, typically presenile, neurodegenerative diseases frontotemporal lobar 

degeneration and amyotrophic lateral sclerosis (Neumann et al., 2006), is now recognized as 

a common age-related neuropathology, detected at autopsy in approximately 50% of older 

persons. TDP-43 pathology has been reported in up to 55% of persons with Alzheimer’s 

disease (AD) pathology (Arai et al., 2009; Tremblay et al., 2011), 60% of persons with 

Lewy bodies (Arai et al., 2009), 90% of persons with hippocampal sclerosis (Zarow et al., 

2012), and in other neurodegenerative diseases (Freeman et al., 2008; Fujishiro et al., 2009; 

Geser et al., 2008; Lippa et al., 2010; Olivé et al., 2009; Schwab et al., 2009, 2008; Uryu et 

al., 2013; Wider et al., 2009). Yet, TDP-43 has also been detected in normal older persons 

(Arnold et al., 2013; Davidson et al., 2011; Geser et al., 2010; Mcaleese et al., 2016; Uchino 

et al., 2015; Wilson et al., 2013). The effect of TDP-43 pathology on cognition of older 

adults is devastating. TDP-43 pathology in aging is strongly and independently associated 

with cognitive decline and increased risk of dementia above and beyond the contributions of 

other age-related neuropathologies (Josephs, 2010; Nelson et al., 2010; Wilson et al., 2013). 

Moreover, TDP-43 pathology in aging has been shown to account for nearly as much of the 

variance of late-life cognitive decline as neurofibrillary tangles (hallmark pathology of AD) 

(Wilson et al., 2013). Thus, TDP-43 pathology is now recognized as a common and 

deleterious neuropathology of the aging brain.

Deposition of TDP-43 pathology in aging typically begins, and is most commonly seen, in 

the amygdala. In persons with Alzheimer’s disease, it was previously shown that TDP-43 

pathology is first deposited in the amygdala, followed by the hippocampus and entorhinal 

cortex, and then the neocortex and other regions (James et al., 2016; Josephs et al., 2014a). 

In cases with Lewy bodies with no or low tau burden, the amygdala was shown to have 

TDP-43 inclusions in all TDP-43 positive cases, while other regions were less frequently 

affected by TDP-43 (e.g. the entorhinal cortex, followed by the hippocampus and other 

cortical regions) (Yokota et al., 2010). In progressive supranuclear palsy, TDP-43 was again 

found most frequently in the amygdala, followed by hippocampus, entorhinal cortex, and 

other regions (Koga et al., 2016). In persons with hippocampal sclerosis, TDP-43 inclusions 

were most frequent in the amygdala compared to other brain regions (Nag et al., 2015). In 

older adults who were cognitively normal at the time of death, the amygdala was again the 

most common location for TDP-43 deposition (Arnold et al., 2013). In community-dwelling 

older adults, the amygdala exhibited TDP-43 inclusions in all individuals with the pathology, 

and as TDP-43 progressed from the amygdala to the hippocampus or entorhinal cortex and 

to the neocortex, there was a gradual increase of inclusions in the amygdala (Nag et al., 

2018). The above findings suggest that the amygdala is involved early on in the progression 

of TDP-43 in aging, and is most often affected by TDP-43 pathology compared to any other 
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brain region. Therefore, identifying amygdala abnormalities that are linked to TDP-43 

pathology in aging and are detectable by MRI may be of high significance for the 

development of future strategies for the detection of the pathology.

Little is known about MR-detectable amygdala abnormalities associated with TDP-43 

pathology in aging. A single recent MR-volumetry and pathology study on 248 older adults 

with pathologic diagnosis of AD and 46 controls showed a significant association between 

lower amygdala volumes and TDP-43 pathology (Josephs et al., 2014b). However, MRI was 

conducted in-vivo, allowing additional pathology to develop between imaging and autopsy, 

thereby potentially underestimating the effects of pathology on brain MR characteristics. 

Furthermore, all MRI scans were conducted between 1992–2010, primarily on 1.5 Tesla (T) 

scanners, suggesting potentially high coefficient of variation for volume measurements in 

small brain regions such as the amygdala, especially for data collected on older scanners. In 

addition, although analyses controlled for an extensive list of neurodegenerative pathologies, 

infarcts were the only vascular pathology controlled for. To our knowledge, there are no 

reports in the literature on amygdala shape abnormalities associated with TDP-43 pathology 

in aging. Shape analysis can provide important information on the spatial distribution of 

atrophy or expansion of a structure that exhibits volume abnormalities, and based on the 

substructures involved and their functional role may aid in understanding the functional 

outcomes of such volume abnormalities. Finally, no studies on the links between amygdala 

structural abnormalities and TDP-43 pathology in aging have been conducted in a 

community cohort.

The purpose of this study was to determine the independent effects of TDP-43 pathology in 

aging on both the volume and shape of the amygdala, by combining ex-vivo MRI and 

pathology in a large community cohort of older adults. By using ex-vivo MRI, no additional 

pathology developed between imaging and pathologic examination, and frail older adults 

were not excluded from MRI, thereby eliminating two important biases. Clinical 3T MRI 

scanners and pulse sequences were used in order to generate sufficient data quality while 

enhancing in-vivo translation of potential findings. A comprehensive set of age-related 

neuropathologies was considered in analyses to more accurately delineate the independent 

effects of TDP-43 pathology in aging. Shape analysis was used in addition to volumetry to 

extract the unique amygdala deformation pattern associated with TDP-43, which may be 

more informative than global amygdala volume changes alone. Finally, the contribution of 

amygdala volume to the variance of the rate of cognitive decline was assessed, after 

accounting for the contributions of neuropathologies and demographics. This study was 

conducted in a community cohort to enhance the generalizability of potential findings.

2. Methods

2.1 Study population

Individuals enrolled in two longitudinal clinical-pathologic cohort studies of aging, the Rush 

University Memory and Aging Project (MAP) and the Religious Order Study (ROS) 

(Bennett et al., 2018), were included in this investigation. Both studies were approved by the 

institutional review board of Rush University Medical Center. All participants provided 

written informed consent and signed an anatomical gift act. Annual clinical evaluation 
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including cognitive function testing, medical history, and neurologic examination was 

performed on all participants. Diagnosis of dementia and Alzheimer’s disease was based on 

the criteria of the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer Disease and Related Disorders Association (NINCDS/ADRA) 

(McKhann et al., 1984). Participants who had cognitive impairment but did not meet the 

criteria for dementia were classified as having mild cognitive impairment (MCI) (Bennett et 

al., 2002; Boyle et al., 2006). At the time of these analyses, 3194 MAP/ROS participants had 

completed the baseline clinical evaluation. Of these, 572 died and 78 withdrew from the 

study before the ex-vivo MRI sub-study began. Of the remaining 2544 persons, 952 died, 

816 were autopsied, and 646 had ex-vivo MRI. Amygdala segmentation was conducted in 

the first 208 consecutive cases. Of these 208 persons, 2 did not have TDP-43 pathology data, 

and 8 failed the subsequent shape analysis procedure. Hence, analyses were performed on 

the first 198 eligible participants (Table 1).

2.2 Cognitive testing

A battery of 21 cognitive tests was administered to all participants annually. One of the tests, 

the Mini-Mental State Examination, was used only for descriptive purposes, and a second 

test, the Complex Ideational Material, was used only for diagnostic purposes. The remaining 

19 tests were used to evaluate performance in five cognitive domains: 7 tests for episodic 

memory, 3 for semantic memory, 3 for working memory, 4 for perceptual speed, and 2 for 

visuospatial ability (Bennett et al., 2018). Raw scores for each test were converted to z-

scores, and were averaged across all 19 tests to obtain a composite score of global cognition 

(Wilson et al., 2003). For each cognitive domain, the z-scores from the corresponding tests 

were also averaged into a composite score for that cognitive domain (Bennett et al., 2006).

2.3 Brain hemisphere preparation

Upon a participant’s death, an autopsy technician removed the brain, and the cerebrum was 

separated from the cerebellum and brainstem. The cerebrum was divided into the left and 

right hemispheres by cutting the corpus callosum, and the hemisphere with more visible 

pathology was selected for ex-vivo MRI and pathologic examination, while the contralateral 

hemisphere was frozen and stored. The selected hemisphere was immersed in phosphate-

buffered 4% formaldehyde solution and refrigerated at 4°C, within 30 minutes of removal 

from the skull. Ex-vivo MRI was conducted while the hemisphere was immersed in 

formaldehyde solution with its medial aspect facing the bottom of an MR-compatible 

container, at room temperature. Gross examination was performed within 2 weeks after ex-

vivo MRI, followed by histopathologic diagnostic examination by a board-certified 

neuropathologist (Kotrotsou et al., 2015).

2.4 Ex-vivo MRI data acquisition and pre-processing

All imaging data were collected on 3 Tesla MRI scanners (Table 1) using a 2D spin-echo 

sequence with multiple echo times. Due to the ongoing nature of this study and scanner 

upgrades, three MRI scanners with similar imaging protocols were used for data collection 

(Dawe et al., 2014). The voxel size was 0.6 × 0.6 × 1.5 mm3 for all scanners, and only T2-

weighted images collected at echo times between 50–58 ms were used in the analysis.
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The gray matter of the T2-weighted image volumes from all hemispheres was segmented 

into 42 cortical and subcortical regions using a published multi-atlas approach based on 25 

atlases (Kotrotsou et al., 2014), and amygdala segmentation in each hemisphere was further 

refined using manual corrections (Fig.1). The volume of the amygdala was calculated for 

each hemisphere as the product of the number of voxels within the segmented region and the 

voxel volume. The amygdala volume was then normalized by the participant’s height, which 

has previously been used as a surrogate for total intracranial volume (Dawe et al., 2011; 

Kotrotsou et al., 2015; Van Petten, 2004).

Since surface alignment is not well-defined on shapes with rotational symmetry such as the 

amygdala (Styner et al., 2003), initial correspondence of amygdala surfaces was established 

by whole hemisphere registration. More specifically, the image volumes from all 

hemispheres were rigidly registered to a template using FSL (FMRIB, Oxford, UK) (Smith 

et al., 2004). The resulting rigid body transforms were then applied to the amygdala masks.

2.5 Shape analysis

Shape analysis was conducted using the spherical harmonic basis function toolbox 

SPHARM-PDM (Styner et al., 2006). For each hemisphere, the rigidly transformed 

amygdala mask from the previous step was smoothed using level set based anti-alias 

smoothing. A triangulated mesh was generated on the surface of the amygdala mask, and a 

spherical parameterization was obtained by mapping the mesh to a sphere using an area 

preserving and distortion minimizing spherical mapping algorithm. SPHARM represents an 

original surface through a weighted linear combination of spherical harmonic basis 

functions. The spherical harmonic degree was set at 15. The parameterization was then 

sampled with icosahedron subdivision at level 10, which formed a triangulated mesh with 

1002 vertices on the amygdala surface. The meshes from all hemispheres were spatially 

aligned using the Procrustes rigid body transformation, were normalized with the 

participants’ height, and were averaged. For each hemisphere, the difference vector from a 

vertex on the average mesh to the corresponding vertex on the individual hemisphere’s mesh 

was calculated, and the process was repeated for all vertices. Each difference vector was 

then projected to the normal vector on the corresponding vertex of the average mesh to 

obtain a signed shape difference of an individual’s amygdala from the average. The signed 

shape differences were used in statistical analysis (see below).

2.6 Neuropathologic evaluation

Following MRI, each hemisphere was sectioned into 1-cm thick coronal slabs. The slabs 

underwent macroscopic evaluation and dissection of selected tissue blocks, which were 

embedded in paraffin, cut into sections, and mounted on glass slides. Neuropathologic 

evaluation was completed by a board-certified neuropathologist blinded to all clinical data 

and age, and following well-established procedures. A detailed description of 

neuropathologic evaluation can be found in Kotrotsou et al., 2015. The score assigned to 

each neuropathology represented the global burden in the hemisphere and not specifically in 

the amygdala. TDP-43 was rated on four levels capturing the staging of the pathology (no 

inclusions; inclusions in amygdala only; inclusions in amygdala as well as entorhinal cortex 

or hippocampus CA1; and inclusions in amygdala, entorhinal cortex or hippocampus CA1, 
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and neocortex) (Yu et al., 2015). A composite score of global AD pathology was given for 

each hemisphere based on plaque and tangle counts in 5 brain regions (Schneider et al., 

2007). Hippocampal sclerosis was rated as present or absent (Schneider et al., 2009). Lewy 

bodies were detected in 6 regions and were rated as present or absent (McKeith et al., 1996; 

Schneider et al., 2012). Gross infarcts were scored as none, one, or more than one. 

Microscopic infarcts were detected in a minimum of 9 regions and were scored as none, one, 

or more than one (Arvanitakis et al., 2011a). Atherosclerosis and arteriolosclerosis were 

scored as none, mild, moderate, and severe. Cerebral amyloid angiopathy was assessed in 4 

regions and was rated as none, mild, moderate, and severe (Arvanitakis et al., 2011b).

2.7 Statistical analysis

The least absolute shrinkage and selection operator (LASSO) approach was employed to 

investigate the association of amygdala volume (dependent variable), as well as signed shape 

differences at all vertices of the average mesh (dependent variables), with (independent 

variables) TDP-43, hippocampal sclerosis, AD pathology, Lewy bodies, arteriolosclerosis, 

atherosclerosis, gross and microscopic infarcts, and cerebral amyloid angiopathy, while 

controlling for age at death, sex, years of education, scanner, duration between death and 

immersion in formaldehyde solution (post mortem interval to fixation, PMI), and duration 

between death and ex-vivo MRI (post mortem interval to imaging, PMII). LASSO is a 

penalized regression model, where an l1 regularization is added to the standard multiple 

linear regression model. The optimal penalty factor was calculated by a leave-one-out cross 

validation procedure by minimizing the mean squared error and enforcing sparsity in the 

output model. All models were implemented in R version 3.4.0 (The R Foundation for 

Statistical Computing). For the signed shape differences, p-values were corrected for 

multiple comparisons using the false discovery rate (FDR) approach (Benjamini and 

Hochberg, 1995). Associations of amygdala volume and signed shape differences with 

neuropathologies were considered significant at p<0.05. The Shape Population Viewer 

Toolbox (www.nitrc.org/projects/shapepopviewer/) was used for visualization of shape 

analysis results.

Two linear mixed-effects models were used to assess the contribution of amygdala volume 

measured ex-vivo to the variance of the rate of decline in global cognition above and beyond 

what was explained by neuropathologies and demographics. The composite score of global 

cognition was the longitudinal dependent variable in both models. The independent variables 

in the first model were all the neuropathologies, demographics and covariates listed in the 

previous paragraph, as well as the interaction of each one of these variables with time since 

baseline. The independent variables in the second model included those of the first model 

plus the volume of the amygdala and its interaction with time since baseline. The percent 

difference in the variance of the rate of decline between the two mixed-effects models 

provided the additional percentage of variance explained by amygdala volume above and 

beyond what was explained by pathologies and demographics. Both models were 

implemented in R version 3.4.0 (The R Foundation for Statistical Computing), and the 

additional variance explained by amygdala volume was considered significant when the 

interaction term of amygdala volume with time since baseline was statistically significant 

(p<0.05). The same analysis was repeated for each of the five cognitive domains.

Makkinejad et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nitrc.org/projects/shapepopviewer/


Results

3.1 Demographic, clinical and neuropathologic characteristics

Demographic and clinical characteristics of the participants are presented in Table 1, and 

neuropathologic characteristics are presented in Table 2. When comparing this sample to 

464 other participants of the parent studies who had an autopsy after the start of the present 

work, the present sample had on average 1.2 more years of education (p<0.0001), 0.2 lower 

global cognition score proximate to death (p=0.048), 0.22 lower working memory score 

(p=0.02), 0.38 lower visuospatial abilities score (p<0.0001), and more severe atherosclerosis 

(the 464 individuals were distributed as follows: none=26%, mild=52%, moderate=18%, 

severe=5%; compare to the atherosclerosis distribution shown in Table 2) (p<0.0001). No 

significant differences in amygdala volume were observed across scanners used in this work 

(ANOVA, F(2,195) = 1.16, p=0.32).

3.2 Associations of amygdala volume and shape with neuropathology

LASSO regression analysis showed a negative correlation of normalized amygdala volume 

with TDP-43 (model estimate=−31.5 mm2, p=0.0003), AD pathology (model estimate=

−75.0 mm2, p<10−4), and hippocampal sclerosis (model estimate=−95.4 mm2, p=0.0004), 

but not with any other neuropathologies. The independent contributions of TDP-43, AD 

pathology, and hippocampal sclerosis on the surface of the amygdala are shown before and 

after FDR correction for multiple comparisons in Figures 2A and 2B, respectively. All parts 

of the amygdala surface with significant associations with neuropathologies showed inward 

deformation, and are represented with warm colors in Figure 2. Inward deformations 

associated with TDP-43 were located in portions of the centromedial, superficial, and 

laterobasal subdivisions of the amygdala (Fig.2B) (Amunts et al., 2005). Deformations 

linked to AD and hippocampal sclerosis were mainly in the superficial, and laterobasal 

subdivisions and were generally more extensive than those linked to TDP-43 (Fig.2B). 

Repeating all analyses after removing 2 of the 24 participants with hippocampal sclerosis 

that were TDP-43 negative, resulted in very similar associations of amygdala volume and 

shape with neuropathologies as those described above. Also, repeating all analyses in the 

group of 137 participants with intermediate or high likelihood of AD (according to NIA-

Reagan criteria) resulted in very similar associations of amygdala volume and shape with 

neuropathologies as those described above. In contrast, repeating all analyses in the group of 

61 participants with low likelihood or no AD did not result in any significant findings, which 

may be due to the small size of that group.

3.3 Contribution of amygdala volume to the variance of the rate of cognitive decline

Mixed-effects models revealed that, first, lower amygdala volume was independently 

associated with faster decline in global cognition (model estimate=1.8·10−4, p=0.009), 

episodic memory (model estimate=1.7·10−4, p=0.027), semantic memory (model 

estimate=2.4·10−4, p=0.0012), and perceptual speed (model estimate=1.8·10−4, p=0.029), 

controlling for neuropathologies, demographics and covariates (Table 3). Second, mixed-

effects models also revealed that the amygdala volume explained an additional 8.1% of the 

variance of the rate of decline in global cognition, 5.3% of the variance of the rate of decline 
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in episodic memory, 8.7% in semantic memory, and 3.8% in perceptual speed, above and 

beyond what was explained by neuropathologies and demographics (Table 3).

Discussion

The present study investigated the association of TDP-43 pathology in aging with the 

volume and shape of the amygdala by combining ex-vivo MRI and pathology on a 

community cohort of older adults. TDP-43 pathology in aging was found to be negatively 

correlated with the volume of the amygdala, independent of the effects of other 

neuropathologies. TDP-43 pathology in aging was also associated with a unique spatial 

pattern of inward deformation of the amygdala surface that was different than the patterns 

linked to AD pathology and hippocampal sclerosis. Finally, the volume of the amygdala was 

found to explain an additional portion of the variance of the rate of decline in global 

cognition, episodic memory, semantic memory, and perceptual speed, above and beyond 

what was explained by neuropathologies and demographics.

The finding showing an independent negative association of amygdala volume with TDP-43 

pathology in aging is in general agreement with a recent report in persons with a pathologic 

diagnosis of AD (Josephs et al., 2014b). The present study extended the previous work to a 

community cohort with a range of cognitive function, enhancing generalization of the 

findings. In addition, the present study combined neuropathology and ex-vivo MRI, instead 

of in-vivo MRI, eliminating the possibility of additional pathology developing between 

imaging and autopsy, and thereby avoiding underestimation of the effects of pathology 

detected by MRI. Furthermore, use of ex-vivo, instead of in-vivo MRI ensured that 

participation in the present study was independent of frailty level. Additionally, a more 

comprehensive set of neurodegenerative and vascular neuropathologies, as well as 

demographics (Tang et al., 2017), was controlled for in the analyses of the present study. 

Thus, the current methodology extended previous work and more accurately delineated the 

independent effects of TDP-43 pathology on the volume of the amygdala in community-

dwelling older adults.

Undoubtedly, investigating the volume of the amygdala alone cannot reveal the subtle 

differences between the effects of TDP-43 and other neuropathologies on amygdala 

structure. Shape analysis addressed this limitation and mapped the independent spatial 

pattern of amygdala deformation associated with TDP-43 pathology. Although the spatial 

extent of the TDP-43-related inward deformation of the amygdala surface was spatially 

more limited compared to that linked to AD pathology and hippocampal sclerosis, the shape 

abnormalities associated with TDP-43 involved the centromedial, superficial, and laterobasal 

subdivisions of the amygdala, while those associated with AD pathology and hippocampal 

sclerosis involved mainly the superficial and laterobasal subdivisions (Amunts et al., 2005). 

To our knowledge this is the first study mapping the independent spatial patterns of 

amygdala deformation associated with TDP-43 pathology and hippocampal sclerosis. Our 

finding that AD pathology is associated with superficial and laterobasal inward deformation 

with relative sparing of the centromedial subdivision is in general agreement with previous 

in-vivo MRI work on the association of clinical AD diagnosis with the shape of the 

amygdala (Miller et al., 2015; Qiu et al., 2009; Tang et al., 2015, 2014). This agreement 
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serves as confirmation that ex-vivo MRI can provide similar information on amygdala shape 

as that originating from in-vivo MRI, increasing confidence on the novel TDP-43 and 

hippocampal sclerosis patterns generated here. In addition, our spatial pattern of AD-related 

amygdala deformation is in general agreement with neuropathologic reports on the 

distribution of neurofibrillary tangles and neuritic plaques in the amygdala (Kromer Vogt et 

al., 1990). On the other hand, a study by Cavedo et al., 2011, on 19 AD patients and 19 

healthy controls, showed AD-related inward deformation even in the centromedial 

subdivision, while in the present work, centromedial deformation was only associated with 

TDP-43. Since, TDP-43 pathology is often present in persons with AD, and since the study 

by Cavedo et al., 2011, was based on clinical diagnosis of AD, the centromedial deformation 

seen in that previous study may have been due to undetected comorbid TDP-43.

The results of shape analysis may provide important insight into the functional outcomes of 

TDP-43 pathology in aging. Inward deformations of the laterobasal and superficial 

subdivisions of the amygdala were independently associated with TDP-43, as well as with 

AD and hippocampal sclerosis. The laterobasal subdivision is the main hub connecting the 

amygdala to the hippocampus, entorhinal cortex (Pikkarainen et al., 1999; Pitkänen et al., 

2002), thalamus, and association sensory cortex (Price, 2003), and includes nuclei that are 

involved in emotional processing and storage of emotional memories (LeDoux and Schiller, 

2009). The finding of laterobasal atrophy associated with TDP-43, AD, and hippocampal 

sclerosis is in agreement with memory deficits associated with all three neuropathologies 

(Wilson et al., 2013). The superficial subdivision of the amygdala has connections to the 

olfactory bulb and accessory olfactory bulb (Price, 2003). The finding of atrophy in the 

superficial subdivision associated with AD pathology may be related to the anosmia seen in 

AD (Doty, 2017). Although no studies have yet linked TDP-43 pathology in aging and 

hippocampal sclerosis to olfactory abnormalities, recently, TDP-43 pathology has been 

detected in the olfactory bulb of patients with AD (Josephs and Dickson, 2016), and TDP-43 

has been linked to olfactory dysfunction in patients with amyotrophic lateral sclerosis 

(Takeda et al., 2014). The smaller spatial extent of the laterobasal and superficial 

deformations associated with TDP-43 compared to those associated with AD and 

hippocampal sclerosis, suggests that TDP-43 may be affecting fewer, or smaller portions of 

the, nuclei of these two subdivisions of the amygdala, implying more specialized cognitive 

and other clinical outcomes. In the centromedial subdivision of the amygdala inward 

deformation was mainly associated with TDP-43 pathology. The centromedial subdivision 

of the amygdala has connections to the brainstem, insula, hypothalamus, orbital and medial 

prefrontal cortex (Price, 2003), and has been linked to negative emotion, fear, anger, and 

aggressive behavior (Caparelli et al., 2017). The presence of TDP-43 pathology in patients 

with AD was recently linked to agitation/aggression (Sennik et al., 2017), supporting the 

findings of the present work. Aggressive behavior has also been linked to AD pathology 

(Sennik et al., 2017), and the lack of association of centromedial amygdala deformation with 

AD pathology in the present work suggests that aggression in AD may be a result of frontal 

lobe, instead of amygdala, abnormalities. This hypothesis is further supported by the fact 

that aggression typically develops in later stages of AD (Sennik et al., 2017), while 

amygdala is affected early on in AD (Poulin et al., 2011).
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Recent studies have shown that the majority of older adults with hippocampal sclerosis (not 

related to epilepsy or acute hypoxia) also suffer by TDP-43 (Nag et al., 2015; Zarow et al., 

2012). In agreement with previous reports, 92% of participants with hippocampal sclerosis 

were TDP-43 positive in the present work. On the other hand, many older adults with 

TDP-43 do not have hippocampal sclerosis (83% of TDP-43 positive participants in this 

work) (Nag et al., 2015). It has been suggested that persons that are TDP-43 positive but 

don’t have hippocampal sclerosis are in an early phase of the same disease as persons that 

are positive to both TDP-43 and hippocampal sclerosis (Hokkanen et al., 2018). However, 

the exact link between TDP-43 and hippocampal sclerosis has not yet been established, and 

therefore, in the present work, the two pathologies were considered separately. In contrast, 

participants with hippocampal sclerosis that were TDP-43 negative (a total of 2 persons) are 

not thought to be suffering by the same disease as those positive to only TDP-43 or both 

TDP-43 and hippocampal sclerosis. Those persons were excluded and the analysis was 

repeated, but the results remained essentially unchanged.

Amygdala volume explained an additional 8.1% of the variance of the rate of decline in 

global cognition, 5.3% in episodic memory, 8.7% in semantic memory, and 3.8% in 

perceptual speed, above and beyond what was explained by neuropathologies and 

demographics. The additional portion of the variance of the rate of cognitive decline 

explained by amygdala volume was substantial, and indicates that this metric captures 

additional decline-related structural differences across participants. These structural 

differences may be due to: a) known pathology types that were not measured fully, b) 

unknown pathology that was not assessed (Nelson et al., 2018), or c) environmental or 

experiential factors (Maguire et al., 2000).

The findings of the present work based on ex-vivo MRI are expected to translate well to the 

in-vivo case, based on previous work using the same methodology (Dawe et al., 2011; 

Kotrotsou et al., 2015, 2014). More specifically, it has been shown that, for the experimental 

approach used here, a linear relationship exists between structural brain information 

collected ex-vivo and in-vivo on the same individuals (Kotrotsou et al., 2014). Furthermore, 

there is good agreement in several volumetric and shape analysis findings between 

previously published studies that used the same ex-vivo MRI methodology and in-vivo work 

(Dawe et al., 2011; Kotrotsou et al., 2015).

One limitation of the current investigation is that, since imaging was conducted ex-vivo, the 

intracranial volume was not available. However, the height of the participants was used for 

normalization in the volumetric and shape analysis, which has previously been used as a 

surrogate for total intracranial volume. Also, laterality was not considered since only one 

hemisphere from each participant was studied, and left and right amygdalas were combined 

(after mirroring) in the analyses to maximize the degrees of freedom. In addition, only the 

score for TDP-43 pathology included measurements in the amygdala, among other regions, 

while the scores for the other pathologies were based on measurements in other predefined 

brain regions, following the established protocol of the parent studies (MAP, ROS) which 

has been presented in a number of publications. Measuring all pathologies in the amygdala 

is a goal of future studies. Another limitation is that, since the amygdala degenerates 

simultaneously with other brain regions that were not considered here, and given the fact 
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that amygdala is mainly involved in behavior and emotion and has a lesser role in cognition, 

the additional portion of the variance of the rate of cognitive decline explained in this work 

may not be specific to the amygdala. Finally, the imaging voxels were not cubic. However, 

the voxel volume was 0.5mm3, which is smaller than that of most investigations of amygdala 

structure.

The present work demonstrated that TDP-43 pathology in aging not only has a significant 

independent negative association with the volume of the amygdala after correcting for the 

effects of other neuropathologies, but is also associated with a unique spatial pattern of 

inward deformation of the amygdala surface that is different than the patterns linked to AD 

pathology and hippocampal sclerosis. These findings may enhance future MR-based 

biomarkers. Finally, the volume of the amygdala was shown to capture additional structural 

contributions to the variance of the rate of cognitive decline, above and beyond what was 

captured by neuropathologies and demographics, suggesting that ex-vivo MRI may play an 

important role in enhancing our understanding of cognitive aging.
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Highlights

• TDP-43 is linked to lower amygdala volume, independent of other 

pathologies

• TDP-43 is associated with a unique spatial pattern of amygdala deformation

• Amygdala volume captures variance in cognitive decline not explained by 

pathologies
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Figure 1. 
An example of amygdala segmentation for a cerebral hemisphere of one of the participants.
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Figure 2. 
(A) Un-corrected and (B) FDR-corrected significance maps demonstrating statistically 

significant inward deformation of the surface of the amygdala associated with TDP-43 

pathology in aging, hippocampal sclerosis, and AD pathology (controlling for other 

neuropathologies, demographics and covariates). Red, yellow, and green colors indicate 

significant effects (p<0.05).
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Table 1.

Demographic and clinical characteristics of the participants

Characteristics Total

N 198

Age at death, years (SD) 90 (6)

Male, n (%) 57 (29%)

Education, years (SD) 16 (4)

Years of clinical follow-up, mean (SD) 8 (5)

Median time between last evaluation and death, years (interquartile range) 0.78 (0.4–1.2)

Clinical diagnosis proximate to death, n (%)

 - No cognitive impairment 55 (28%)

 - Mild cognitive impairment 43 (22%)

 - Dementia 100 (50%)

Global cognition score
a
, mean (SD)

−1.1 (1.2)

Episodic memory score
a
, mean (SD)

−1.0 (1.4)

Semantic memory score
a
, mean (SD)

−1.4 (1.6)

Working memory score
a
, mean (SD)

−0.9 (1.1)

Perceptual speed score
a
, mean (SD)

−1.3 (1.2)

Visuospatial ability score
a
, mean (SD)

−0.7 (1.2)

Mini-mental State Examination
a
 (MMSE), mean (SD)

19.5 (9.6)

Mini-mental State Examination
a
 (MMSE), median

23.4

Right hemisphere, n (%) 93 (47%)

Postmortem interval to fixation, hours (SD) 8.6 (6.5)

Postmortem interval to imaging, days (SD) 49.6 (24.0)

MRI scanner, n (%)

 - General Electric, 3 Tesla, n (%)
  Participants with TDP-43, n (%)

48 (24%)
22 (46%)

 - Philips, 3 Tesla, n (%)
  Participants with TDP-43, n (%)

85 (43%)
27 (32%)

 - Siemens, 3 Tesla, n (%)
  Participants with TDP-43, n (%)

65 (33%)
22 (34%)

a
Proximate to death
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Table 2.

Neuropathologic characteristics of the participants

Characteristics Total

NIA Reagan (Likelihood of AD), n (%)

 -High or Intermediate Likelihood 137 (69%)

 -Low Likelihood or No AD 61 (31%)

Composite score of global AD pathology, mean (SD) 0.8 (0.6)

Lewy bodies, n (%) 43 (22%)

Hippocampal sclerosis, n (%) 24 (12%)

Gross infarcts, n (%) 93 (47%)

Microscopic infarcts, n (%) 73 (37%)

Atherosclerosis, n (%)

 -Severe 23 (12%)

 -Moderate 53 (27%)

 -Mild 87 (44%)

 -None 35 (18%)

Arteriosclerosis, n (%)

 -Severe 20 (10%)

 -Moderate 34 (17%)

 -Mild 93 (47%)

 -None 51 (26%)

Cerebral amyoid angiopathy, n (%)

 -Severe 19 (10%)

 -Moderate 51 (26%)

 -Mild 92 (47%)

 -None 36 (18%)

TDP-43, n (%)

 -inclusions in amygdala, entorhinal cortex or hippocampus CA1, and neocortex 28 (14%)

 -inclusions in amygdala and entorhinal cortex or hippocampus CA1 58 (30%)

 -inclusions in amygdala only 41 (21%)

 -no inclusions 71 (36%)
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Table 3.

Association of amygdala volume with rate of change in different cognitive domains, based on mixed-effects 

models controlling for neuropathologies and demographics
a
.

Estimate (p-value) Percentage of variance of the rate of change explained by amygdala volume

Global cognition 1.8⋅10−4 (0.009) 8.1%

Episodic memory 1.7⋅10−4 (0.027) 5.3%

Semantic memory 2.4⋅10−4 (0.0012) 8.7%

Working memory −6⋅10−6 (0.93) -

Perceptual speed 1.8⋅10−4 (0.029) 3.8%

Visuospatial abilities 8⋅10−5 (0.26) -

a
 The middle column shows the model estimates and corresponding p-values for the interaction of amygdala volume with time since baseline, in 

mixed-effects models where the longitudinal dependent variable was the cognitive score, and the independent variables were all the 
neuropathologies, demographics, amygdala volume, as well as the interaction of each one of these variables with time since baseline. The rightmost 
column shows the contribution of amygdala volume to the variance of the rate of change in different cognitive domains, above and beyond the 
contributions of neuropathologies and demographics (based on two mixedeffects models, with and without terms for amygdala volume and its 
interaction with time since baseline).
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