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Abstract

Hippocampal atrophy is endemic in ‘normal aging’ but it is unclear what factors drive age-related 

changes in medial temporal lobe (MTL) structural measures. We investigated cross-sectional 

(n=191) and longitudinal (n=164) MTL atrophy patterns in cognitively normal older adults 

from ADNI-GO/2 with no to low cerebral β-amyloid and assessed whether white matter 

hyperintensities (WMHs) and cerebrospinal fluid (CSF) phospho tau (p-tau) levels can explain 

age-related changes in the MTL. Age was significantly associated with hippocampal volumes and 

Brodmann Area (BA) 35 thickness, regions affected early by neurofibrillary tangle pathology, in 

the cross-sectional analysis and with anterior/posterior hippocampus, entorhinal cortex and BA35 

in the longitudinal analysis. CSF p-tau was significantly associated with hippocampal volumes and 

atrophy rates. Mediation analyses showed that CSF p-tau levels partially mediated age effects on 

hippocampal atrophy rates. No significant associations were observed for WMHs. These findings 

point towards a role of tau pathology, potentially reflecting Primary Age-Related Tauopathy, in 

age-related MTL structural changes and suggests a potential role for tau-targeted interventions in 

age-associated neurodegeneration and memory decline.
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Introduction

Both hippocampal atrophy and memory problems are endemic to ‘normal aging’ (Barnes et 

al., 2009, Fjell and Walhovd, 2010, Hoyer and Verhaeghen, 2006, Rönnlund et al., 2005). 

While age effects on the whole hippocampus are well established, studies investigating age-

effects on more granular medial temporal lobe (MTL) regions, including adjacent cortical 

structures, report inconsistent results (i.e. entorhinal cortex (ERC) (Du, A. T. et al., 2003, 

Insausti et al., 1998, Knoops et al., 2012, Price, J. L. et al., 2001, Raz, N. et al., 2004, Wisse 

et al., 2014)) and are sparse with regard to the regions represented, as studies on age-effects 

often do not include MTL regions such as the perirhinal and parahippocampal cortex (PRC, 

PHC) or anterior and posterior subsections of the hippocampus (but note (Chen et al., 2010, 

Dickerson et al., 2009, Fjell et al., 2009, Insausti et al., 1998, Jack et al., 1997, Malykhin 

et al., 2008, Raz, Naftali et al., 1997)). As different disease processes differentially involve 

MTL subregions, a better characterization of age-related changes in the MTL is of great 

importance to gain more insight in age-related cognitive decline and to be able to separate 

“normal” age-related changes in the MTL from the “pathological” changes of preclinical 

stages of dementia. Moreover, it is still unclear what ‘normal aging’ entails and what drives 

aging effects on the MTL.

There have been several barriers to gaining a more precise understanding of the effects 

of age on the MTL. First, there are several methodological challenges when assessing the 

MTL. MTL subregions are a difficult to quantify accurately due to anatomical variants, 

mostly tied to the depth of the collateral sulcus (Ding and Van Hoesen, 2010). The 

location of ERC and adjacent PRC subregions differ in these anatomical variants and 

not taking this into account will decrease the validity of the measurements. Moreover, 

MTL cortical regions, such as ERC, can be confounded by dura mater which has similar 

intensity as cortex on T1-weighted magnetic resonance imaging (MRI) scans and can 

therefore lead to segmentation errors (Xie, L. et al., 2016, Xie, Long et al., 2019). We have 

recently developed a pipeline to segment MTL subregions on T1-weighted MRI overcoming 

these challenges and provided granular MTL subregional structural measures. Importantly, 

subregions of the PRC, Brodmann Area (BA) 35 and 36, but also anterior and posterior 

subregions of the hippocampus, are incorporated in this method. These granular measures 

are important to assess, as, for example, BA35 approximates the transentorhinal region 

which is the first supratentorial brain region with neurofibrillary tangle (NFT) pathology 

(Braak, H. and Braak, 1991).

A second barrier with most extant studies is the use of cross-sectional rather than 

longitudinal designs (but note (Du, A. T. et al., 2003, Du, An-Tao et al., 2006, Raz, N. 

et al., 2005)). Longitudinal measurement may be preferable as it is not confounded by, for 

example, developmental factors, and longitudinal measures of structural change are more 

closely linked to active neurodegenerative processes.

A third major factor which may have confounded the previous literature’s precision for 

measuring age-specific effects on the MTL is a lack of accounting for the presence of 

preclinical Alzheimer’s Disease (AD) in cognitively normal older adults. Between ~25-35% 
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of cognitively normal older adults harbor a significant amount of β-amyloid pathology 

(Jansen et al., 2015), reflecting preclinical AD, which likely influences the observed 

‘age-related’ changes in extant studies. Indeed, cognitively normal adults with β-amyloid 

pathology have been shown to have more atrophy in regions typically affected by NFT 

pathology (Wolk et al., 2017, Xie, Long et al., 2020), compared to those with no or low 

levels of β-amyloid pathology. Individuals with high levels of β-amyloid pathology should 

therefore be eliminated as a factor when studying ‘normal aging’ effects on the brain.

Outside of preclinical AD, there are at least four major factors commonly considered 

potential contributors to observed age-related changes in the MTL: cerebrovascular disease 

(CVD), Primary Age-related Tauopathy (PART) (Crary et al., 2014), TAR DNA-binding 

Protein 43 (TDP-43) pathology in the form of the recently codified limbic-predominant 

age-related TDP-43 encephalopathy (LATE) (Nelson, Peter et al., 2019), and non-specific 

age effects. While it could be argued that CVD, PART and LATE do not reflect ‘normal 

aging’ but are rather forms of pathological aging, we still focus on these processes as they 

may reflect changes that have traditionally been considered normal aging. Additionally, 

some of these factors are so common, e.g. PART, that it would be difficult to disentangle 

them from normal aging. CVD is thought to specifically affect the cornu ammonis (CA) 

1 subfield of the hippocampus and lead to neuron loss, potentially through mechanisms 

of hypoxia and ischemia (Schmidt-Kastner and Freund, 1991, Zola-Morgan et al., 1992). 

PART is also thought to specifically affect the MTL, by targeting the transentorhinal cortex 

(approximately the same as BA35) first, then ERC followed by the CA1 subfield of the 

hippocampus (Braak, H. and Braak, 1995, Crary et al., 2014, Price, Joseph L. and Morris, 

1999), although there is evidence that the pattern of MTL tau pathology is slightly different 

in PART than AD ((Jellinger, 2018), but note (Zhang et al., 2020)). Tau pathology in 

PART has been found to lead to neuron loss and memory impairments (Crary et al., 2014, 

Jefferson-George et al., 2017, Josephs et al., 2017, Quintas-Neves et al., 2019), albeit 

less severe than in the presence of β-amyloid (Bell et al., 2019, Besser et al., 2019). 

Third, LATE (Nelson, Peter T. et al., 2019) may also drive age-related changes in the 

MTL, particularly involving anterior MTL regions, producing an amnestic syndrome with 

increasing prevalence in adults generally over 80 years (Josephs et al., 2014, Nag et al., 

2017). Finally, there are non-specific age effects, such as impaired neurogenesis (Apple et 

al., 2017, Galvan and Jin, 2007, Isaev et al., 2019), impaired synaptic plasticity (Yankner 

et al., 2008), downstream effects of inflammation (Wyss-Coray, 2016), glucocorticoids 

(McEwen et al., 1999, Nichols et al., 2001), and potential other mechanisms. While there are 

biomarkers that provide measures of CVD (e.g. white matter hyperintensities (WMHs)) and 

potentially PART [e.g. cerebrospinal fluid (CSF) phosphor-tau181 (p-tau)], TDP-43 and these 

other non-specific factors are more difficult to assess. MTL atrophy pattern may therefore 

also provide clues as to what may be the primary drivers of age-associated atrophy.

In this study, we first investigate age effects on MTL subregional structural measures 

obtained from structural MRI in older adults with no to low β-amyloid levels (often referred 

to as β-amyloid negative; from here referred to as low β-amyloid) in ADNI-GO/2, both 

in a cross-sectional and longitudinal manner. Second, we will investigate the role of p-tau 

in CSF, as proxy for PART, and WMHs, as a proxy for CVD, as potential drivers of 

aging effects. Given the known regional distribution of early NFTs in PART (Braak, H. 
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and Braak, 1995, Crary et al., 2014, Price, Joseph L. and Morris, 1999), we hypothesize 

that if PART is a driver of age-associated effects, BA35 and ERC would likely be most 

affected followed by hippocampal measures. We would also expect an association of CSF 

p-tau with these regions. Alternatively, if CVD is a primary driver, we would anticipate 

hippocampal volumes to be the most saliently affected region of the MTL (Schmidt-Kastner 

and Freund, 1991, Zola-Morgan et al., 1992) and would expect an association with WMHs. 

If TDP-43 is driving age-associated effects, we would expect atrophy in anterior MTL 

regions, particularly the anterior hippocampus and ERC (de Flores et al., 2020, Josephs et 

al., 2014, Nag et al., 2017) with age.

Methods

Participants

Data from all cognitively normal subjects with available biomarkers of cerebral amyloidosis 

(β-amyloid positron emission tomography (PET)) and neurodegeneration (baseline structural 

T1 magnetic resonance images (MRI)) from the Alzheimer’s NeuroImaging Initiative 

(ADNI)-GO and ADNI-2 cohorts were included.

The MRI at baseline as well as all follow up scans within 1.2 to 4.5 years were selected, 

to maximize the number of subjects included in the longitudinal analyses. Additional 

information, including in- and exclusion criteria for cognitively normal older adults, are 

provided in the Supplementary Methods.

Demographics, medical and neuropsychological information

Standard demographics information was obtained, including race. Self-reported history of 

head injury, smoking, hypertension, stroke and cardiovascular disease was obtained as 

well as the family history of dementia. Note that certain factors related to cardiovascular 

disease were reason for exclusion, such as presence of pacemakers, aneurysm clips, artificial 

heart valves, multiple lacunes or lacunes in a critical memory structure, a Hachinski score 

(Rosen et al., 1980) less than or equal to 4 and multi-infarct dementia (see Supplementary 

Methods). History of head injury was not assessed in a standardized way. We therefore 

searched the self-reported medical history and included terms as traumatic brain injury, 

head injury, concussion and loss of consciousness. Note that history of significant head 

trauma followed by persistent neurologic defaults or known structural brain abnormalities 

was an exclusion criterion (see Supplementary Methods). Additionally, measurements of 

mean arterial pressure (MAP) and body mass index (BMI) were obtained. APOE-ε4 carrier 

status was obtained via standard methods (Saykin et al., 2010). Positive APOE-ε4 status was 

defined as having at least one APOE-ε4 allele. Finally, the Mini Mental State Examination 

(MMSE) (Folstein et al., 1975) and Clinical Dementia Rating (Morris, 1993) were obtained.

Phospho-tau and β-amyloid PET

Both the CSF and PET measures came from publicly available, processed data on the 

ADNI website. CSF levels of phospho-tau181 (p-tau) were measured using the Elecsys 

phosphotau (181P) immunoassays on a cobas e 601 analyzer according to the preliminary 

kit manufacturer’s instructions, as previously described (Bittner et al., 2016, Hansson et al., 
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2018). For both measures data from the baseline visit was used. A composite, standardized 

uptake value ratio (SUVR) for the florbetapir images was calculated by taking the mean 

SUVR of a set of regions typically associated with increased uptake in AD (lateral and 

medial frontal, anterior and posterior cingulate, lateral parietal and lateral temporal regions), 

using gray matter of the cerebellum as reference region (Landau et al., 2012). β-amyloid 

status was defined by a florbetapir SUVR value of 1.11 (Landau et al., 2012). Only 

cognitively normal older adults with low β-amyloid levels were included.

Imaging protocol and image processing—T1-weighted MRI scans were acquired 

from different scanners at multiple sites. Up-to-date information about MRI imaging 

protocols can be found at adni.loni.usc.edu/methods/mri-tool/mri-analysis. The resolution 

of the scans ranged from 0.86x0.86x1.00 to 1.02x1.02x1.20 mm3. The MRI at baseline as 

well as all follow up scans within 1.2 to 4.5 years were selected.

MTL structural measures

The anterior and posterior hippocampus, ERC, BA35 and BA36 and the PHC were 

automatically segmented using the Automated Segmentation of Hippocampal Subfields 

(ASHS) package for T1-weighted MRI segmentation (ASHS-T1) (Xie, Long et al., 2019). 

Intracranial volume (ICV) was also measured using ASHS-T1. For the MTL cortical 

subregions (ERC, BA35, BA36 and PHC), a graph-based multi-template thickness analysis 

pipeline (Xie, Long et al., 2018) was applied to the automatic segmentation to derive the 

thickness of each subregion. See Supplementary Figure 1 for an example segmentation.

Symmetric diffeomorphic registration (Avants et al., 2008) was performed between the 

baseline and each of the follow-up MRI scans, as implemented in the Automatic 

Longitudinal Hippocampal Atrophy (ALOHA) software (Das, S. R. et al., 2012), to obtain 

unbiased estimates of the volume of each subregion of all subsequent MRI scans. Additional 

information can be found in the supplements. It should be noted that between 11.7% 

and 33.7% of all included subjects had a positive atrophy rate for the different MTL 

subregions. This is a common phenomenon, reported for different algorithms and these 

percentages fall well within the range of what is reported in the literature (Sankar et al., 

2017). The percentage of cases with positive atrophy rates is partly due to the selection of 

low β-amyloid cognitively normal older adults. For example, the percentages are notably 

lower in the high β-amyloid Mild Cognitive Impairment (MCI) group (between 8.0-12.8%). 

It is unclear if the positive atrophy rates reflect a measurement error or a true biological 

phenomenon. We have therefore decided to keep all subjects with a positive atrophy rate in 

our analyses, especially since scan-rescan reliability can likely explain part of the positive 

atrophy rate and only between 2.5% and 11.7% of low β-amyloid cognitively normal older 

adults have a positive atrophy rate higher than 0.5% for the different MTL subregions. 

Supplementary Figure 2 shows the distribution of the atrophy rates for each of the six 

subregions.

Bilateral measurements of each subregion were averaged for both the cross-sectional and the 

longitudinal data.
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White matter hyperintensities

WMHs were characterized using a deep learning-based segmentation method (Doshi et al., 

2019). The proposed method is built upon the UNet architecture (Ronneberger et al., 2015) 

with the convolutional layers in the network replaced by an Inception ResNet architecture 

(Szegedy et al., 2016), which was previously shown to outperform traditional convolutional 

network architectures while also achieving dramatically improved training speed. The deep-

learning model used inhomogeneity corrected and co-registered Fluid-attenuated inversion 

recovery (FLAIR) and T1-weighted images for segmentation. The model was trained using 

a separate training set with human-validated segmentation of WMH. The model was applied 

to participants to calculate binary WMH masks and the lesion volumes in different regions 

of interest. WMHs were obtained from the baseline FLAIR and T1-weighted images.

Statistical analyses

Structural MTL measures of left and right hemisphere were averaged. Sex and ICV were 

regressed out for hippocampal volumes and sex was regressed out for thickness measures 

and atrophy rates. All continuous variables were assessed for normality. CSF p-tau and 

WMH volume (also corrected for ICV) measures were log-transformed for normality. Model 

assumptions were checked and met for all analyses. All analyses were performed in IBM 

SPSS Statistics Version 26.0 (Armonk, NY, IBM Corp.) unless otherwise specified.

Linear regression models were used to assess the cross-sectional association of age. For 

longitudinal atrophy rates, first the atrophy rates were compared to 0 with a one-sample 

t-test. Second, the atrophy rates of the different MTL subregions were compared with 

each other using paired sample t-tests. Third, a linear regression was used to assess the 

association of age with atrophy rates.

Pearson correlations were performed to assess the association of p-tau and WMHs 

with MTL cross-sectional and longitudinal measures. For WMHs in the different lobes 

log transformations did not approach normality. Spearman correlations were therefore 

performed using the ppcor package in R Studio (www.r-project.org).

Finally, mediation analyses were performed using the Lavaan package in R Studio to assess 

whether p-tau or WMH volumes mediate the effect of age on MTL structural measures. In 

the p-tau mediation analyses we additionally corrected for continuous β-amyloid florbetapir 

levels to ensure that any effects of p-tau levels are not due to subthreshold β-amyloid levels.

We corrected for multiple comparisons using a Holm-Bonferroni correction per analysis.

Results

Demographics

Table 1 displays the demographics of full dataset of older adults with low β-amyloid levels 

(n=191) and the subset with longitudinal data (n=164). Age, sex, education, MAP, BMI, 

APOE-ε4 carrier status, possible history of head injury, history of smoking, hypertension, 

stroke, cardiovascular disease and family history of dementia were not different between 

participants with and without longitudinal data. However, those without longitudinal data 
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had lower MMSE scores (28.3±1.7 vs 29.1±1.2; p=0.01), as well as a trend towards a higher 

percentage of history of hypertension (62.1% versus 43.7%, p=0.07) and a slightly different 

distribution of race (see Supplementary Table 1, p=0.09).

MTL atrophy patterns related to aging

We first investigated how MTL structural measures are related to age to better characterize 

age-related MTL atrophy patterns. Cross-sectional associations were found between age 

and anterior and posterior hippocampal volumes and BA35 thickness (Table 2, Figure 1a, 

Supplementary Figure 3), although anterior hippocampal volume was no longer significant 

when correcting for multiple comparisons. No significant associations were observed when a 

quadratic term for age was included in the model.

Longitudinal atrophy rates of each region are displayed in Figure 1b and show a roughly 

similar pattern as the cross-sectional measures, although the estimated atrophy rates are 

slightly lower cross-sectionally and the relative degree of change between the regions is 

different. Atrophy rates in all MTL subregions were significantly different from 0 after 

multiple comparison correction, indicating that each region shows significant atrophy over 

the average follow up time of 3.3 years. BA35 atrophy rates were significantly larger than all 

other MTL regions, and still reached significance for the posterior hippocampus, ERC, and 

PHC after multiple comparison correction (see Supplementary Table 2). Additionally, the 

anterior hippocampus had significantly larger atrophy rates than ERC and BA36 than PHC, 

but not after multiple comparison correction. As it is not entirely certain whether %/year 

or mm3/year is a better reflection of burden in a given region, we also report the absolute 

annualized change in volumes in Supplementary Table 3.

Age was significantly associated with atrophy rates in the anterior and posterior 

hippocampus, ERC, BA35 and BA36, and remained significant after multiple comparison 

correction for all regions except BA36 (Table 2, Supplementary Figure 4). No significant 

associations were observed for quadratic models.

In general, the atrophy pattern associated with age had most pronounced atrophy in BA35 

and the hippocampus, and to a lesser extent ERC, which mostly coincides with the 

hypothesized atrophy pattern in PART. The lack of a clear greater anterior-to-posterior 

gradient in these age-effects argues against the role of LATE as a factor. In the next sections 

we investigate whether MTL structural changes are associated with CSF p-tau levels as a 

proxy for PART and WMH volume, as a proxy for CVD.

Role of WMHs as contributor to age-related changes in the MTL

All analyses were run initially without correcting for age, as age is associated with increased 

WMHs and is therefore not necessarily a confounder but may be part of the causal pathway. 

In secondary analyses, we corrected for age.

The cross-sectional analyses did not reveal a significant association of WMH volumes 

with MTL structural measures, except for posterior hippocampal volume, which survived 

multiple comparison and age correction (Table 3). Note that this was positive correlation 

where larger WMH volumes were associated with larger hippocampal volumes. This was 
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likely driven by the few subjects with low WMH volumes (Supplementary Figure 5a). For 

the longitudinal analyses, significant associations were found for BA35, BA36 and PHC 

(Supplementary Figure 5b–d), although not after multiple comparison correction. Correction 

for age weakened the association for all regions (BA35: r=−0.12, p=0.12; BA36: r=−0.14, 

p=0.08; PHC: r=−0.15, p=0.06).

Mediation analyses with WMH volume as mediator for age effects on BA35, BA36 or PHC 

atrophy rates did not reach significance.

Exploratory analyses with regional WMHs revealed significant associations of BA35 

and PHC atrophy rates with frontal WMHs and of BA35 and hippocampal atrophy 

rates with parietal WMHs after multiple comparison correction (Supplementary Table 4; 

Supplementary Figure 6). These associations survived correction for age.

Role of CSF p-tau as contributor to age-related changes in the MTL

Similar as in the previous section, all analyses were run initially without correcting for 

age, as age is associated with increased CSF p-tau levels and is therefore not necessarily a 

confounder but may be part of the causal pathway. In secondary analyses, we corrected for 

age.

CSF p-tau levels were associated with cross-sectional anterior hippocampal volume and at a 

trend level with posterior hippocampal volume (Table 4, Supplementary Figure 7a–b). CSF 

p-tau levels were also significantly associated with anterior and posterior hippocampal, ERC 

and BA35 atrophy rates (Table 4, Supplementary Figure 7c–f). After correction for multiple 

comparisons, only the association of CSF p-tau levels with anterior hippocampal volumes 

and anterior and posterior hippocampal atrophy rates still reached significance. Correcting 

for age did not notably change the results.

As subthreshold β-amyloid levels could potentially influence the results we also performed 

exploratory associations of β-amyloid PET levels with MTL structural measures. For the 

cross-sectional data, none of the associations reached significance, although a trend was 

found for the ERC (r=−0.12, p=0.09). Adjusting the association between cross-sectional 

hippocampal volumes and p-tau levels for β-amyloid PET levels did not notably change 

the results. In the longitudinal dataset, no significant associations were found between β-

amyloid PET levels and MTL structural measures, except for a positive association between 

posterior hippocampal atrophy rates and β-amyloid PET levels (r=0.21, p=0.012) and a trend 

for ERC (r=0.14, p=0.06), although this did not survive multiple comparison correction. 

Adjusting the association between longitudinal hippocampal atrophy rates and p-tau levels 

for β-amyloid PET levels did not notably change the results.

Given that the associations of both age and CSF p-tau levels with anterior and posterior 

hippocampal measures were roughly similar, we combined the two in total hippocampal 

volume/atrophy rates for the mediation analyses. The cross-sectional mediation analysis 

indicated that CSF p-tau partially mediates the association of age with total hippocampal 

volume, although at a trend level, while correcting for β-amyloid PET levels (Figure 2). For 

the longitudinal data a similar result was found for hippocampal atrophy rates whereby the 
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indirect effect was significant. The indirect effect in the mediation model for BA35 atrophy 

rates reached a trend level, but the model for BA36 atrophy rates was not significant. Again, 

all models were corrected for β-amyloid PET levels.

Sensitivity analyses

Follow up time: As the atrophy rates were obtained using linear models (see 

Supplementary Methods), we believe it is unnecessary to correct our analyses for follow 

up time. However, out of caution we performed all our main analyses including follow up 

time and this did not change the results.

APOE-ε4-carrier status: As low levels of β-amyloid can still be present in the selected 

cognitively normal older adults, APOE-ε4 carrier status might be an important factor to 

consider. APOE-ε4 carrier status was not associated with cross-sectional hippocampal 

volumes or parahippocampal cortical thickness measures, nor with longitudinal MTL 

atrophy rates (data not shown). We were only able to look at the association between 

presence of an APOE-ε4 allele and structural measures in a binarized manner as only 3 

subjects in both the cross-sectional and longitudinal dataset had 2 APOE-ε4 alleles.

Cognitive change over time: Of the 164 participants with longitudinal data, 138 had 

information on diagnosis at the time of their last scan. For 26 participants this was missing. 

For those participants, we determined cognitive decline at the time of the follow up scan 

by a CDR of 0.5 or higher, a CDR Memory Box score of 0.5 or higher or an MMSE score 

of 24 or lower as per the ADNI criteria for cognitively normal older adults listed in the 

Supplementary Methods section. In total 17 developed MCI, dementia or cognitive decline 

during their follow up time, leaving 147 without cognitive decline. Excluding all subjects 

with cognitive decline, all longitudinal analyses are repeated in this smaller subset to explore 

if these subjects were driving the observed results. The results were largely similar, see 

Supplementary Tables 5–7 and Supplementary Figures 8–9.

Cerebrospinal levels of β-amyloid: CSF β-amyloid might potentially reflect earlier 

pathological changes than PET (Palmqvist et al., 2016), and by using PET to determine 

β-amyloid status we may have inadvertently included subjects who have positive β-amyloid 

levels according to CSF. We therefore repeated the mediation analyses for p-tau using CSF 

β-amyloid 1-42 instead of PET β-amyloid, where both β-amyloid status was determined 

by the CSF marker (980 pg/mL (Hansson et al., 2018)) and the continuous CSF β-amyloid 

measure was included in the mediation model. We obtained relatively similar, even slightly 

stronger, results for the longitudinal data, where the indirect effects were significant for 

hippocampal and BA35 atrophy rates. The cross-sectional analyses no longer reached a trend 

(Supplementary Figure 10).

Additionally, removing 26 subjects who had low β-amyloid levels or were β-amyloid 

negative according to the CSF measures, but were positive for β-amyloid (i.e. they had 

significant β-amyloid levels) according to the PET cut off, did not notably change the results 

(Supplementary Figure 11).
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Discussion

In this study we aimed to obtain a comprehensive overview of age effects on MTL structural 

measures, avoiding some of the pitfalls of the extant literature by, uniquely, including 

only older adults with no to low levels of β-amyloid, analyzing both cross-sectional and 

longitudinal data, and assessing potential drivers of observed age effects.

Both the cross-sectional and longitudinal analyses indicated most pronounced atrophy in the 

hippocampus and BA35, with atrophy rates increasing with age in these regions, potentially 

reflecting accumulating pathologies and other detrimental processes with increasing age. 

The association of age with BA35, the region that in absolute terms displayed the highest 

percent rate of atrophy in this older adult population, is consistent with the role of PART 

as a driver of age-related MTL changes, whereas the relationship with both anterior and 

posterior hippocampus is less specific. That said, the associations of hippocampal and 

BA35 structural measures (before multiple comparison correction) with CSF p-tau and the 

mediation effect of p-tau on the age effect of the hippocampus (trend for the cross-sectional 

data and significant for the longitudinal data; a trend for BA35 atrophy rates) is further 

supportive of PART explaining, at least partially, the age-related effects on the MTL. Indeed, 

NFTs in low β-amyloid individuals have been found to be related to neuron loss (Josephs 

et al., 2017, Price, Joseph L. and Morris, 1999) and atrophy in the MTL measured on MRI 

(Josephs et al., 2017, Quintas-Neves et al., 2019). As a controversy remains around PART, 

including whether it is a benign condition or if it is linked to neurodegeneration, this study 

advances the field by providing important novel information that PART is potentially already 

linked to neurodegeneration in cognitively normal individuals and may therefore potentially 

also be implicated in age-related memory impairments.

The above demonstrated some relationship between p-tau and BA35. However, as 

neurofibrillary tangles first target BA35 and ERC (Braak, H. and Braak, 1995, Crary et al., 

2014, Price, Joseph L. and Morris, 1999), we initially expected even stronger associations 

of structural measures of these regions with CSF p-tau levels. However, the reliability of 

ERC and BA35 segmentation is lower than that of the hippocampal regions (Xie, Long et al., 

2019), which may have limited the detection of an association with these regions given the 

subtlety of the effects.

Notably, the mediation model was corrected for β-amyloid PET levels, indicating that 

subthreshold β-amyloid levels likely do not explain the observed association. However, it 

is possible that even though the included individuals in this study had no to low β-amyloid 

levels, they still have Thal stage 1 or 2 which would mean that would fall into the ‘possible 

PART’ category rather than “definite PART” and the degree to which this influences 

atrophy or biomarker measures of tau remains unclear. Additionally, CSF β-amyloid might 

potentially reflect earlier pathological changes than PET (Palmqvist et al., 2016), and by 

using PET to determine β-amyloid status we may have inadvertently included subjects who 

have high β-amyloid levels (i.e. β-amyloid positive) according to CSF. However, we chose 

to do our primary analyses using the PET data, as a larger set in the ADNI database has 

PET than CSF measures. When repeating the analyses with CSF instead of PET β-amyloid 

levels, a mediation effect was found for the longitudinal but not cross-sectional data. This 
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finding even held when only including individuals with low β-amyloid levels (i.e. β-amyloid 

negative) according to both CSF and PET measures. The lack of a significant effect in the 

cross-sectional data may be due to the fact that cross-sectional data is generally confounded 

by other factors not associated with neurodegeneration.

In general, these findings support a mediating effect of tau on age-related MTL atrophy and 

that this effect is independent of subthreshold β-amyloid levels. While our findings indicate 

that CSF p-tau levels might be sensitive to PART, there is currently still controversy on this 

topic and future work needs to elucidate this. It is possible that other age-related tauopathies 

contributed to the signal in CSF and MTL atrophy (e.g. Argyrophilic Grain Disease), which 

may be difficult to differentiate from PART, which requires neuropathological confirmation 

and cannot currently be definitely determined in vivo. An additional point of controversy 

to keep in mind is whether PART is actually a distinct entity from AD and whether tau 

pathology in the presence of low levels of β-amyloid really reflects possible PART and not 

low AD neuropathologic change (Braak, Heiko and Del Tredici, 2014, Duyckaerts et al., 

2015).

It should be noted though that we only observed a partial mediation with between 32-46%, 

dependent on the group selection, of the age-structure relation being explained by CSF p-tau 

levels. It is possible that we only observed a partial mediation as CSF p-tau is not only 

reflective of MTL tau which would most likely drive MTL neurodegeneration. However, 

it is also likely tau only explains part of the age-related changes in MTL structure and 

that other processes likely play a role in this. CVD is also a prime candidate for driving 

age-related processes and has been mostly linked to hippocampal atrophy ((Den Heijer et al., 

2005, O’BRIEN et al., 1997, van der Flier, Wiesje M et al., 2005), but note (Du, An-Tao 

et al., 2006)) because of CA1 neurons’ sensitivity to ischemia/hypoxia (Schmidt-Kastner 

and Freund, 1991, Zola-Morgan et al., 1992). Surprisingly, no relationship of WMHs with 

hippocampal atrophy was found (except for a likely spurious positive association with 

hippocampal volumes), but rather with extrahippocampal regions, BA35, BA36 and PHC, 

although these did not survive multiple comparison correction. While some studies have 

reported an association of WMHs (Wang et al., 2020) or cardiovascular risk factors with 

MTL cortices (Cox et al., 2019, de Toledo Ferraz Alves, Tania Correa et al., 2011, Gourley 

et al., 2020), this has generally not been well researched and required further study and 

replication. Further, mediation models were not significant. While this is potentially due to 

insufficient power, this might indicate less support for CVD driving the observed age-related 

structural changes in the MTL.

Another potential pathology that may influence MTL structural integrity in aging is TDP-43 

(Nelson, Peter T. et al., 2019) which increases in prevalence after the age of 80. Prior 

work has suggested that TDP-43 may particularly affect anterior hippocampus and ERC (de 

Flores et al., 2020, Josephs et al., 2014, Nag et al., 2017). Given that there was no clear 

anterior-to-posterior gradient of atrophy in relation to aging in this study, it does not appear 

likely that TDP-43 is a significant driver of atrophy in this cohort. However, this may be 

due in part to the fact that only a small portion of our study population was older than 80 

years (only 21 subjects). It is worth noting that there also may be non-specific age effects, 

such as for example decreased neurogenesis (Galvan and Jin, 2007), or downstream effects 
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of inflammation (Wyss-Coray, 2016) or glucocorticoids (Nichols et al., 2001), that may also 

contribute to MTL atrophy, but it is not possible to parse this out from the current findings.

For this study, we included all individuals who were cognitively normal at baseline, 

irrespective of future changes in their cognition. While ADNI has longer follow up data 

for many of the participants, the rationale not to exclude individuals with impaired cognition 

at a later timepoints is that we aimed to study ‘normal aging’ rather than ‘super aging’. 

Moreover, given that tau pathology is very common in older age (Braak, Heiko et al., 1996) 

and PART leads to cognitive decline (Crary et al., 2014, Jefferson-George et al., 2017), 

removal of subjects who progress to MCI or dementia may obscure effects of PART on 

MTL structure. Moreover, dementia is considered by some as continuous with aging and 

an acceleration of aging (Von Dras and Blumenthal, 1992, Wyss-Coray, 2016) and the 

definition of ‘normal aging’ is still under debate. For example, if PART is associated with 

cognitive decline to MCI or dementia level impairment, it is unclear whether to consider 

this normal or pathological aging. On the other hand, one could argue that some of the 

age-related changes we observed are not actually reflective of ‘normal aging’ but are rather 

precursors to later occurring dementia. As there is no clear answer to this question, we 

decided to repeat the analyses in a subgroup that does not convert to MCI or dementia or 

show cognitive decline at their latest follow up scan and report largely similar findings. 

Finally, we note that normal aging was assessed at a group level and that heterogeneity 

in normal aging was not taken into account, where other factors such as diet, exercise 

and psychosocial factors could also have influenced brain health and potential resilience to 

different pathologies (Rowe and Kahn, 1987).

In conclusion, we performed a comprehensive characterization of aging effects on MTL 

structural measures in cognitively normal older adults with low levels of β-amyloid and 

showed age-related changes in all MTL regions, but most pronounced in BA35 and the 

hippocampus. Combined with the fact that age-related hippocampal atrophy was partly 

mediated by CSF p-tau levels, these findings are suggestive of a role of PART in age-related 

structural changes in the MTL. This finding is consistent with other work in individuals 

with low β-amyloid levels demonstrating correlations of MTL tau, measured using tau 

PET, with both atrophy in early Braak regions and memory (Das, Sandhitsu R. et al., 

2019), but provides a major advance on previous literature by establishing a relationship 

between a marker of tau pathology and neurodegeneration already in cognitively normal 

older adults. In general, this study indicates the importance of assessing age-related changes 

in a well-characterized cohort where the separate contributions of different pathologies can 

be quantified. Further, if the present results are replicated, it also suggests a potential role for 

tau-targeted interventions in age-associated memory decline.
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Figure 1. 
The association of age and cross-sectional structural MTL measures and longitudinal 

atrophy rates in cognitively normal older adults with low β-amyloid levels. a) The 

association of cross-sectional MTL measures (volume for hippocampus, thickness for 

cortical regions) with age is displayed as percentage volume loss per year. b) Longitudinal 

atrophy rates of MTL structural measures are displayed.

*Significant after correction for multiple comparisons using the Holm-Bonferroni 

correction. Significant results before multiple comparison correction are not shown in this 

figure. For the cross-sectional data, % volume loss/year was calculated using the regression 

coefficients. Sex and intracranial volume are regressed out for hippocampal volumes, sex is 

regressed out for MTL cortical thickness measures and MTL atrophy rates. The error bars 

represent standard errors. Negative values on the y-axis represent volume or thickness loss. 

AH=anterior hippocampus, BA=Brodmann Area, ERC=entorhinal cortex, MTL=medial 

temporal lobe, PH=posterior hippocampus, PHC=parahippocampal cortex.
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Figure 2. 
Mediation model indicating that CSF P-Tau levels partially mediate the effect of age on 

hippocampal volume (a, trend), hippocampal atrophy rates (b) and BA35 atrophy rates (c, 

trend), while correcting for PET β-amyloid levels, in cognitively normal older adults with 

low β-amyloid levels
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#p<0.10; *p<0.05. % indicates the % of the model explained by the mediation. 

BA=Brodmann Area, CSF=cerebrospinal fluid, p-tau=phospho tau, T Hippo=total 

hippocampus.
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Table 1.

Demographics table of the full cross-sectional dataset and the subset with longitudinal data of older adults 

with low β-amyloid levels

Cross-sectional dataset Longitudinal dataset

Number 191 164

Age (years) (range) 71.7±6.0 (56-89) 71.5±6.1 (56-89)

Sex (% female) 47.6 46.3

Race (%)

   America Indian or Alaskan native 0.5 0.6

   Asian 2.1 2.4

   Black or African American 4.7 3.0

   White 90.1 90.9

   More than one race 2.6 3.0

APOE-ε4 carrier (%)* 20.4 22.0

Education (years) 16.9±2.4 16.9±2.4

BMI (kg/m2) 27.9±5.1 27.9±5.0

MAP (mm Hg) 93.0±9.7 93.3±9.6

History of smoking (%) 36.6 36.6

History of hypertension (%) 46.6 46.3

History of stroke (%) 1.0 1.2

History of cardiovascular disease 63.4 62.2

Possible history of head injury (%) 3.1 3.7

Family history of dementia (%) 51.9 52.8

MMSE 29.0±1.3 29.1±1.2

Follow up time (years) - 3.3±1.0

*
One or two alleles.

BMI=body mass index, kg=kilogram, m=meter, MAP=mean arterial pressure, mm Hg=millimeters of mercury, MMSE=Mini Mental State 
Examination
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Table 2.

Relationship of age with cross-sectional and longitudinal MTL structural measures in cognitively normal older 

adults with low β-amyloid levels

Cross-sectional dataset Longitudinal dataset

Standardized beta p-value Standardized beta p-value

AH −0.17 0.02 −0.23 0.004

PH −0.24 0.001 −0.27 0.001

ERC 0.07 0.34 −0.22 0.004

BA35 −0.24 0.001 −0.30 <0.001

BA36 −0.09 0.20 −0.17 0.03

PHC −0.12 0.09 −0.12 0.12

Bolded p-values meet significant after correction for multiple comparisons using the Holm-Bonferroni correction. Linear regression models were 
performed without covariates. Sex and intracranial volume are regressed out for hippocampal volumes, sex is regressed out for MTL cortical 
thickness measures and MTL atrophy rates.

AH=anterior hippocampus, BA=Brodmann Area, ERC=entorhinal cortex, MTL=medial temporal lobe, PH=posterior hippocampus, 
PHC=parahippocampal cortex.
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Table 3.

Relationship of WMHs (logtransformed) with cross-sectional and longitudinal MTL structural measures in 

cognitively normal older adults with low β-amyloid levels

Cross-sectional dataset Longitudinal dataset

Spearman correlation p-value Spearman correlation p-value

AH 0.13 0.09 −0.10 0.24

PH 0.22 0.003 −0.11 0.19

ERC −0.03 0.68 −0.10 0.20

BA35 −0.09 0.23 −0.19 0.01

BA36 −0.12 0.10 −0.18 0.02

PHC −0.04 0.57 −0.18 0.02

Bolded p-values meet significant after correction for multiple comparisons using the Holm-Bonferroni correction. Sex and intracranial volume are 
regressed out for hippocampal volumes, sex is regressed out for MTL cortical thickness measures and MTL atrophy rates.

AH=anterior hippocampus, BA=Brodmann Area, ERC=entorhinal cortex, MTL=medial temporal lobe, PH=posterior hippocampus, 
PHC=parahippocampal cortex, WMHs=white matter hyperintensities.
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Table 4.

Relationship of CSF p-tau (log-transformed) with cross-sectional and longitudinal MTL structural measures in 

cognitively normal older adults with low β-amyloid levels

Cross-sectional dataset Longitudinal dataset

Pearson correlation p-value Pearson correlation p-value

AH −0.22 0.006 −0.31 <0.001

PH −0.15 0.06 −0.28 0.001

ERC 0.10 0.19 −0.08 0.32

BA35 −0.09 0.25 −0.22 0.007

BA36 −0.09 0.25 −0.19 0.02

PHC 0.05 0.54 −0.13 0.14

Bolded p-values meet significant after correction for multiple comparisons using the Holm-Bonferroni correction. Sex and intracranial volume are 
regressed out for hippocampal volumes, sex is regressed out for MTL cortical thickness measures and MTL atrophy rates.

AH=anterior hippocampus, BA=Brodmann Area, CSF=cerebrospinal fluid, ERC=entorhinal cortex, MTL=medial temporal lobe, p-tau=phospho 
tau, PH=posterior hippocampus, PHC=parahippocampal cortex.
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