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Abstract 

Memory impairment and prominent hippocampal atrophy are the most recognisable features of 

Alzheimer’s disease (AD). It has been known that hippocampus and surrounding medial temporal 

lobe (MTL) structures support memory processes. However, specific function of each MTL 

subfield remains to be elucidated. Not all MTL subfields are uniformly affected by AD pathology 

and the spread of AD pathology follows a predictable pattern is closely correlated with atrophy 

seen on MRI and clinical symptoms. Hence, we propose that studying memory deficits in AD in 

tandem with MTL subfield atrophy might be fruitful to probe specific contribution of each MTL 

subfield to memory function. However, both clinical and anatomical heterogeneities have been 

reported in AD and age of onset is one source of heterogeneity. AD is commonly subdivided into 

early onset AD (EOAD = age of onset ≤ 65) and late onset AD (LOAD = age of onset > 65) and 

the two subtypes have several important clinical and anatomical differences. In order to probe the 

specific function of each MTL subregion by correlating the AD affected subregion and the 

corresponding cognitive deficit, we need to better characterise the topography of atrophy in AD 

patients. Therefore, the aim of this study is to investigate whether MTL subregional atrophy in 

EOAD and LOAD of amnestic type share similar topography. As atrophy patterns become less 

differentiated in the later stages of AD, in order to observe focal changes during early stages of 

AD, we also compared MTL subregional atrophy in a group with early onset mild cognitive 

impairment (EOMCI) and a group with late onset mild cognitive impairment (LOMCI) as mild 

cognitive impairment stage is proposed to be the precursor stage of AD. We found that all patient 

groups had varying degree of MTL subregional atrophy. Generally, current study found that 

differences in MTL subregional atrophy between EOAD and LOAD could be explained by age 

difference, possible TDP-43 co-pathology and higher tau burden in LOAD.  

Keywords: Medial temporal lobe subregional atrophy, Early onset AD vs late onset AD, 

Amnestic variant of AD 

 

 

 



The medial temporal lobe subregional atrophy in early onset and late onset amnesic variant 

Alzheimer’s dementia  

Memory impairment is a canonical feature of Alzheimer’s dementia (AD) (Tellechea et 

al., 2018; van der Flier et al., 2011) and hippocampal atrophy is the most conspicuous 

characteristic of AD (McKhann et al., 1984). Hippocampus and adjacent medial temporal lobe 

(MTL) structures are long known to support various memory processes (Squire, 2009). However, 

hippocampus is not a homogenous structure but a conglomeration of functionally distinct but 

tightly interconnected regions called “subfields” (Small, 2014). The specific contribution of each 

subfield to memory is not completely known (Travis et al., 2014). Since not all subfields are 

uniformly vulnerable to AD (La Joie et al., 2013; Mueller et al., 2017), selective vulnerability of 

subfields in can be delineated from structural magnetic resonance imaging (MRI) (Iglesias et al., 

2015). Studying memory loss in AD in tandem with selectively atrophied subfields could offer 

insight into neural correlates of specific memory sub-functions. Therefore, our research interest is 

to characterise atrophy pattern in typical amnestic AD.  

The importance of hippocampus for memory was first realised when surgical removal of 

hippocampus left patient HM with permanent loss of ability of form new episodic memories 

(Squire, 2009). Since then, hippocampus has been the most actively researched brain region and 

it has been associated with various memory subtypes and mnemonic processes including but not 

limited to episodic, associative, contextual memory as well as encoding, binding, pattern 

separation, consolidation, recollection and inferential processes (Genon et al., 2018). However, 

hippocampus is not the only structure that supports memory function and it is in fact, a part of the 

MTL memory system which encompasses hippocampus and surrounding structures in the para 

hippocampal gyrus, namely: perirhinal cortex (PRC: Broadman area [BA] 35 and 36), entorhinal 

cortex (ERC) and para hippocampal cortex (PHC) (Milner, 2005; Squire, 2009). It was 

subsequently discovered that surgical lesion in HM extended beyond hippocampus and included 

anterior para hippocampal gyrus and although isolated hippocampus damage causes significant 

memory impairments, they are not as severe as in the case of HM (Kirwan et al., 2008). Since 

neighbouring MTL structures both send and receive information to and from the hippocampus, 

understanding of the hippocampal function will not be complete without studying surrounding 

MTL structures (Manns & Eichenbaum, 2007; Rosene & Van Hoesen, 1987; Vago et al., 2014).  



For instance, Rugg and Vilberg (2013) have proposed that hippocampus combines 

contextual information from PHC and object-related information from PRC. Functional 

specialisation also exist within the hippocampus itself (Small, 2014). Cornu Ammonis (CA) 3 

and dentate gyrus (DG) are associated with encoding/early retrieval and CA1 was associated with 

consolidation/late retrieval (Mueller et al., 2011). Additionally, CA3 and DG regions were also 

proposed to play a role in pattern separation (Leutgeb et al., 2007). The subiculum (SUB) has 

been speculated to be associated with  memory consolidation and memory recall (Ledergerber & 

Moser, 2017). However, these findings are in no way unequivocal and the understanding of 

memory organisation is far from complete (Travis et al., 2014). As Tulving (2002) stated, 

memory is a conglomerated system of more elementary operating components but identifying the 

specific operational role of each component and its neural correlate has been challenging. 

AD patients represents a potential population for investigation of specific memory 

component subserved by each MTL subregion as during early stages of AD, AD pathology 

selectively affects MTL subregions (Braak & Braak, 1991). Pathologic tau-related neurofibrillary 

tangles (NFT) are the neuropathological hallmark of AD (Jack et al., 2018; McKhann et al., 

1984) and closely correlates with regional brain atrophy (De Souza et al., 2012; Jack et al., 2018; 

Lindberg et al., 2017; Tardif et al., 2018; Whitwell et al., 2008), clinical symptoms, severity and 

progression of AD (Ingelsson et al., 2004). Additionally, during early stages of AD, NFT 

distribution also follows a stereotypical pattern appearing first in the BA 35 and in the ERC. 

Subsequently, NFTs can be found in hippocampal subfield CA1 before they spread further to 

neighbouring regions such as the subiculum (SUB) and then cortical regions outside the MTL 

(Braak & Braak, 1995; Braak & Del Tredici, 2020). Since pattern of brain atrophy closely tracks 

the pattern of NFT distribution (de Flores et al., 2020) and both NFT and atrophy influence 

phenotypic presentation (Jack et al., 2002; Murray et al., 2011; Whitwell et al., 2008), accurate 

characterisation of subregional atrophy measure seen on MRI can be used as a neuroimaging 

correlate of memory sub-functions. Additionally, predictable sequence of atrophy also allows for 

stage-based correlation with cognitive deterioration (Nelson et al., 2009).  

However heterogeneity exists within AD and age at onset is one of the sources of 

heterogeneity (Tellechea et al., 2018). AD is commonly categorised into early onset AD (EOAD) 

and late onset AD (LOAD) based on the age at onset at 65 (Rossor et al., 2010). However, age is 



not the only difference between the two forms of AD (Koedam et al., 2010) and clinical and 

neuropathological differences exist (Mendez, 2017). Clinically, LOAD tends to present 

predominantly with memory symptoms whereas a higher proportion of EOAD patients present 

with non-amnestic atypical symptoms (Mendez, 2012; Rossor et al., 2010). In keeping with this, 

higher neo-cortical involvement and relative sparing of hippocampus is more frequently found 

among EOAD (Ayodele et al., 2021). However, amnesia is still the most common presentation in 

EOAD (Ferreira et al., 2020; Harvey et al., 2003) but overlap in neural substrates underlying 

amnestic symptoms EOAD and LOAD remains an open question.  

As atrophy pattern modulates presenting symptoms of AD (Murray et al., 2011; Whitwell 

et al., 2008), we hypothesise that both EOAD and LOAD of amnestic type will have similar MTL 

subregional atrophy. The aim of this study is to test this hypothesis. Although MTL atrophy has 

been well demonstrated in LOAD (de Flores, La Joie, & Chételat, 2015) MTL atrophy in AD 

patients with an earlier onset is less studied. To my knowledge, only one study attempted to map 

atrophy patterns in typical EOAD (Grinberg et al., 2020). Unlike LOAD, the relatively low 

prevalence combined with variant-related heterogeneity (Murray et al., 2011; Whitwell et al., 

2008) adds to the complexity of establishing the typical atrophy pattern in EOAD. It is important 

to compare EOAD and LOAD using data obtained with the same image acquisition and 

processing methods as methodological differences, for instance, in segmentation protocols might 

make comparing findings across studies difficult (Wisse et al., 2014). Therefore, this study aims 

to compare the topography of MTL subregional atrophy in EOAD and LOAD of amnestic type to 

the typical well-established pattern of neurodegeneration in AD (Bobinski et al., 1997; Braak & 

Braak, 1991; West et al., 1994; Wolk et al., 2017).   

Moreover, existing studies mostly focused on the hippocampus but research on 

extrahippocampal regions is rather scarce (Cavedo et al., 2014). For example, in vivo 

measurement of perirhinal cortex received little attention despite a part of this structure called 

BA35 being the site of earliest NFT formation (Braak & Braak, 1991). This is a critical omission, 

as extrahippocampal regions such as ERC and BA35 are also vulnerable to AD pathology and 

even precedes AD pathology in the hippocampal formation (Braak & Braak, 1991; Braak & 

Braak, 1995). Therefore, this study aims to investigate not only hippocampal atrophy but also the 

atrophy of the surrounding extrahippocampal regions in EOAD and LOAD. Our research interest 



is to establish the topography of subregional atrophy pattern in the in EOAD and LOAD as a 

preliminary step towards correlating cognitive deficits with functional specialisation of MTL 

substructures. 

There is partial evidence that the MTL region is invariably affected by AD pathology in 

both early and late onset groups. At autopsy, amnestic AD patients (majority of the sample were 

EOAD with mean age of symptoms onset = 60.8 years, SD = 10.5) had significant NFT 

pathology in SUB at least in advanced stages (Braak’s stage VI) (Petersen et al., 2019). 

Moreover, comparable NFT density in CA1 and SUB in both EOAD and LOAD were found 

(Spina et al., 2021) and in both studies participants harboured sufficient NFT pathology to have 

Braak stage higher than III indicating that MTL regions were similarly affected in both EOAD 

and LOAD (Petersen et al., 2019; Spina et al., 2021). In vivo evidence converges with above-

mentioned autopsy findings demonstrating that EOAD and LOAD had similar tau burden in the 

MTL regions captured by positron emission tomography (PET) (Schöll et al., 2017). Therefore, if 

perhaps EOAD and LOAD share similar NFT pathology, we speculate that both groups will 

display similar MTL subregional atrophy.  

Comparison of atrophy in EOAD and LOAD has been challenging as hippocampal 

atrophy is associated not only with NFTs (Murray et al., 2011) but also with aging (de Flores, La 

Joie, et al., 2015a; Raji et al., 2009; Raz et al., 2005) as well as other non-AD-related 

neurodegenerative diseases (Maruszak & Thuret, 2014) which are more prevalent in older people 

(Spina et al., 2021). TAR DNA-binding protein 43 (TDP-43) deserves special attention as it often 

comorbid with AD (James et al., 2016; Nelson et al., 2019) and associated with hippocampal 

volume loss even in individuals with significant AD pathology (Josephs et al., 2017; Nelson et 

al., 2013). It was approximated that 25-59% of subjects with AD had concomitant TDP-43 

(Amador-Ortiz et al., 2007; Josephs et al., 2015). TDP-43 co-pathology is also more prevalent in 

LOAD compared to EOAD (35% vs 8%) (Spina et al., 2021). It has been shown that TDP-43 

tends to have a predilection for anterior hippocampus (aHPC) and NFT preferentially affects 

posterior hippocampus (pHPC) (de Flores et al., 2020). Therefore, differences due to the effects 

of ageing and increasing co-morbid pathologies might make atrophy patterns in EOAD and 

LOAD to diverge. In order to account for age-related variations, this study will compare EOAD 



and LOAD to healthy controls of the corresponding age category. In order to infer the presence of 

TDP-43, we will also compare anterior hippocampal volumes in EOAD and LOAD. 

An additional caveat concerning with studying AD in clinical population is that at the 

clinical stage, MTL atrophy had become widespread and focal atrophies might become less 

pronounced (Whitwell et al., 2007). Evidence suggests that there is a degree of convergence in  

atrophy pattern at advanced stages (Ossenkoppele et al., 2015). Therefore, at clinical stages, 

atrophy patterns will be less differentiated. For example, focal atrophy of the CA1 subfield was 

more prominent in the early (predementia or even preclinical) stages of AD, before atrophy 

becomes more widespread at the dementia stage, consistent with the pathological literature (de 

Flores, La Joie, & Chételat, 2015). We sympathise with the proposition by (Petersen et al., 2019) 

that if EOAD patients deviate from typical atrophy pattern, NFT accumulation must be absent in 

MTL regions known to get affected in early stages of AD pathology. We reason that if MTL 

subfield atrophy in EOAD and LOAD are different, differences will be most pronounced in early 

stages of AD and in earliest affected MTL subregions (for instance, BA35 and ERC).  

To this end, studying amnestic mild cognitive impaired (aMCI) group might prove very 

informative. Mild cognitive impaired (MCI) patients exhibit significant cognitive impairments 

which deviate from normal healthy aging but are insufficient to meet an AD diagnosis (Maruszak 

& Thuret, 2014; Petersen et al., 1999). Several patients with MCI displayed atrophy pattern 

similar to AD (Shiino et al., 2008) and approximately 80% of aMCI converts to AD (Petersen, 

2004). MCI and particularly the amnestic subtype (aMCI), is considered as a transitional stage 

between normal aging and a diagnosis of clinically probable AD (Whitwell et al., 2007). 

Therefore, in order to infer the atrophy pattern in EOAD and LOAD during earlier stages, we will 

compare MTL subfield atrophy in early onset MCI (EOMCI) and late onset MCI (LOMCI) 

groups to healthy controls of corresponding age group. We will only include MCI patients with 

positive AD pathology cross-validated by both cerebrospinal fluid (CSF) amyloid and tau 

positron emission tomography (tau-PET) measures. 

Hypotheses 

Braak et al. (2006) found that NFT accumulation at autopsy invariably followed a 

stereotypical pattern with initial appearance in the BA35 followed by limbic regions and 

eventually in the neocortex. In MRI, BA35 atrophy is detectable early in the course of the AD 



even before the emergence of clinical symptoms followed by the atrophy in the ERC, PHC and 

the hippocampus as the disease progresses to clinical AD (Wolk et al., 2017; Xie et al., 2019). 

Similarly, using tau PET, Berron et al. (2021) found that tau was detectable in BA35 followed by 

the anterior and posterior hippocampus even in the early stages of MCI and at later MCI stage, 

BA36 and PHC were involved. Since this pattern is corroborated by multiple methodologies, we 

reason that this pattern reflects differential vulnerability of MTL subfields to AD pathology. 

Therefore, our hypotheses are made in reference to this stereotypical pattern of atrophy. Subfields 

hypothesised to show group differences are summarised in table 1 and 2. 

Early onset MCI (EOMCI), Late onset MCI (LOMCI) and healthy control (HC) 

PET scan showed that NFT deposition in BA35 and ERC preceded CA1 and SUB 

(Berron et al., 2021). Therefore, we reason that if MCI and AD exist on a continuum, we should 

also observe that both EOMCI and LOMCI groups have smaller BA35 and ERC compared with 

HC of corresponding age. Previous studies reported differences between healthy controls and 

aMCI patients in CA1 (Pluta et al., 2012), SUB (Hanseeuw et al., 2011) and both CA1 and SUB 

(La Joie et al., 2013). Therefore, we postulate that CA1 and SUB volumes in EOMCI and 

LOMCI will be smaller compared YHC and OHC. Following NFT deposition in CA1 and SUB, 

NFT spreads to BA36 and PHC in later MCI stage (Berron et al., 2021). Therefore, we also 

expect both EOMCI and LOMCI groups to show BA36 and PHC volume reduction as compared 

to healthy controls of their own age category.   

If EOMCI is similar to EOAD and has a more rapid deterioration, EOMCI might show 

greater atrophy than LOMCI in subregions that are affected later in the NFT pathological 

cascade, namely, BA36 and PHC. Additionally, Spina et al. (2021) reported that tau pathology 

targeted posterior hippocampus (pHPC). Therefore, if AD pathology is more severe in EOMCI, 

pHPC is likely to be smaller in this group compared to LOMCI. DG is reported to be rather 

resistant to AD pathology in earlier stages (Ohm, 2007). Corroborating this, CA2-CA3-CA4-DG 

composite region showed no difference between MCI and healthy controls (de Flores, La Joie, & 

Chételat, 2015). Therefore, we do not expect DG deterioration at MCI stage and posit that there 

will be comparable DG subfield volume between EOMCI and YHC as well as between LOMCI 

and OHC. Due to age-related volume loss in CA1 and SUB (de Flores, La Joie, et al., 2015a), 

LOMCI might have smaller CA1 and SUB volumes than EOMCI. If LOMCI, much the same as 



LOAD, also have higher prevalence of comorbid TDP-43 (Spina et al., 2021), anterior 

hippocampus (aHPC) volume in LOMCI might be smaller than that in EOMCI. 

EOMCI vs YHC 

Hypothesis 1a: EOMCI group will have significantly smaller BA35, ERC, BA36, PHC, CA1 and 

SUB as compared to YHC. 

Hypothesis 1b: EOMCI will not be significantly different from YHC in DG volume. 

LOMCI vs OHC 

Hypothesis 2a: LOMCI group will have significantly smaller BA35, ERC, BA36, PHC, CA1 and 

SUB as compared to OHC. 

Hypothesis 2b: LOMCI will not be significantly different form OHC in DG volume. 

EOMCI vs LOMCI 

Hypothesis 3a: There will be no significant group differences in the volumes of BA35, ERC and 

DG between EOMCI and LOMCI after controlling for sex and intracranial volume (ICV).   

Hypothesis 3b: EOMCI will have significantly bigger CA1, SUB and aHPC than LOMCI after 

controlling for sex and ICV. 

Hypothesis 3c: EOMCI will have significantly smaller BA36, PHC and pHPC than LOMCI after 

controlling for sex and ICV.  

 

 

 

 

 

 

 



Table 1 

Summary of hypotheses for comparison of MCI and HC (“ < ” indicates that the former group 

will have bigger volume in the subfields listed as compared with the latter group) 

 Group comparison 

 YHC >  

EOMCI 

OHC > 

LOMCI 

EOMCI > 

LOMCI 

LOMCI > 

EOMCI 

                                     

MTL Subregions  BA35, 

ERC, 

CA1 

SUB, 

PHC, 

BA 36 

BA35, 

ERC, 

CA1 

SUB, 

PHC, 

BA 36 

CA1, 

SUB, 

aHPC 

BA36 

PHC 

pHPC 

 

 

  

 

Young healthy control vs EOAD 

Since young healthy controls (YHC) might have relatively fewer co-pathology and age-

related neuroanatomical changes (de Flores, La Joie, & Chételat, 2015; Spina et al., 2021), we 

postulate that we will observe a stark contrast in all MTL subregional volumes between EOAD 

and YHC.  

Hypothesis 4: All subregions of MTL: BA35, BA36, ERC, PHC, CA1, SUB and DG in EOAD will 

be significantly smaller compared to YHC.  

Old healthy control vs LOAD 

A previous study found that in healthy aging, age-related atrophy was significant only in 

CA1 and SUB (de Flores, La Joie, et al., 2015a). Therefore, the differences in CA1 and SUB 

between old healthy controls (OHC) and LOAD might be less pronounced due to age-related 

volume loss (de Flores, La Joie, et al., 2015a). Differences might still be detectable given that 

AD-related neuronal loss (Bobinski et al., 1997; West et al., 1994) is several magnitudes greater 

than age-related neuronal loss (de Flores, La Joie, & Chételat, 2015) for AD-related atrophy to be 

completely masked by age-related atrophy. Therefore, we expect that all MTL subfield volumes 

in LOAD will be smaller than those in OHC.  



Hypothesis 5: All subregions of MTL: BA35, ERC, BA36, PHC, CA1, SUB and DG in LOAD will 

be significantly smaller than those in OHC.  

EOAD vs LOAD 

In light of partial evidence that both EOAD and LOAD harboured NFT pathology in 

MTL (Petersen et al., 2019; Spina et al., 2021) and since our sample is limited to typical amnestic 

form, we hypothesise that EOAD and LOAD would have comparable MTL tau pathology. Due to 

age-related volume loss in CA1 and SUB (de Flores, La Joie, et al., 2015a), LOAD might have 

smaller CA1 and SUB than EOAD. Since EOAD has been reported to take a more aggressive 

course (Bateman et al., 2011; Holland et al., 2012; Tellechea et al., 2018; van der Flier et al., 

2011), we expect that EOAD will show more severe involvement of BA36, PHC as these regions 

are reported to get affected later in the disease progress (Berron et al., 2021). Additionally, since 

DG is relatively resistant to AD until later stages (Ohm, 2007; Small et al., 2002; West et al., 

1994) and EOAD deteriorates more severely (Bateman et al., 2011; Holland et al., 2012; 

Tellechea et al., 2018; van der Flier et al., 2011), we hypothesise that EOAD might have smaller 

DG than LOAD.  Additionally, as it is likely that TDP-43 preferentially targets aHPC (de Flores 

et al., 2020) and given the higher prevalence of TDP-43 in older individuals (de Flores et al., 

2020; Spina et al., 2021), we also expect to observe smaller aHPC volume in LOAD. As 

mentioned above, if  AD pathology is more advanced in EOAD (Bateman et al., 2011; Holland et 

al., 2012; Tellechea et al., 2018; van der Flier et al., 2011), pHPC which is targeted by tau 

pathology (Spina et al., 2021) is likely to be smaller in EOAD as compared with LOAD. 

Hypothesis 6a: There will be no significant group differences in the volumes of BA35 and ERC, 

between EOAD and LOAD after controlling for sex and intracranial volume (ICV).   

Hypothesis 6b: EOAD will have significantly bigger CA1 and SUB compared to LOAD after 

controlling for sex and ICV. 

 Hypothesis 6c: EOAD will have significantly smaller volumes in BA36, PHC, DG and pHPC 

compared to LOAD after controlling for sex and ICV. 

Hypothesis 6d: LOAD will have significantly smaller aHPC than EOAD after controlling for sex 

and ICV. 

 



Table 2 

Summary of hypotheses for comparison of AD and HC (“ < ” indicates that the former group will 

have bigger volume in the subfields listed as compared with the latter group) 

                                      Group comparison 

 YHC >  

EOAD 

OHC >  

LOAD 

EOAD >  

LOAD 

LOAD> 

EOAD 

  

MTL 

Subregions  

BA35,  

ERC,  

CA1  

SUB, 

PHC,  

BA36, 

DG 

 

BA35,  

ERC,  

CA1  

SUB,  

PHC,  

BA36 

DG 

 

CA1, 

SUB, 

aHPC 

BA 35 

PHC 

DG 

pHPC 

  

 

Ethical approval 

The data come from Swedish Biofinder2 study. The Regional Ethics Committee in Lund, 

Sweden, has approved the study design and the consent in 2016 (reference 1053). All patients 

have given their written informed consent and all data are analysed without access to personal 

information. Approval for PET imaging was obtained from the Swedish Medical Products 

Agency. 

Method 

Participants 

Healthy controls 

            Controls are neurologically and cognitively healthy individuals. The inclusion criteria are: 

i) age 43-65 years (young control) and age 71-100 years (old control); ii) absence of cognitive 

symptoms as assessed by a physician specialised in cognitive disorders; iii) Mini-Mental State 

Examination (MMSE) (Folstein et al., 1975) score 27-30 (young control) or 26-30 (old control) at 

screening visit; iv) do not fulfil the criteria for mild or major neurocognitive disorder (MCI or 



dementia) according to DSM-5 (American Psychiatric Association, 2013); and v) fluent in 

Swedish.  

MCI sample 

            Inclusion criteria for MCI are: i) ages 40-100 years; ii) referred to the memory clinics due 

to cognitive symptoms; iii) MMSE score of 24-30 points; iv) does not fulfill the criteria for any 

dementia (major neurocognitive disorder) according to DSM-5 (American Psychiatric 

Association, 2013) v) fluent in Swedish. Biomarker evidence of both amyloid beta (Aβ) 

(validated using CSF Aβ) and pathologic tau (validated using tau-PET) must be present. In order 

to form an amnestic MCI group (aMCI), we picked MCI patients with memory scores 1.5 SD 

lower than the norm in cognitively unimpaired controls of their own age category. Memory test 

will be described in detail below under “cognitive tests” section. The aMCI group was subdivided 

into early onset amnestic MCI (EOMCI) and late onset amnestic MCI (LOMCI) with the age cut-

off of EOMCI ≤ 65 years and LOMCI > 70 years. Since atrophy precedes symptoms in AD, we 

set a more liberal age cut-off at 70 to avoid including early onset cases to late onset group.  

AD sample 

           Clinical diagnosis was made by a physician based on clinical criteria in DSM-5 (American 

Psychiatric Association, 2013) without the support of biomarkers. To limit our AD sample to 

typical variant as much as possible, we will include individuals with memory score 1.5 SD below 

the mean score of healthy controls of their age category with no cognitive impairment. Memory 

test will be described in detail below under “cognitive tests” section. EOAD group consists of 

AD patients who are ≤ 65 years and LOAD group consists of AD patients > 70 years. 

MRI acquisition 

          Structural MRI was performed using a Siemens 3T MAGNETOM Prisma scanner 

(Siemens Medical Solutions), with high resolution T1-weighted (1x1x1 mm3) and T2-weighted 

(0.4 × 0.4 × 2.0 mm3) anatomical magnetization-prepared rapid gradient echo (MPRAGE) 

images. Automatic Segmentation of Hippocampal Subfields [ASHS-T1]) for the segmentation of 

MTL subregions, including anterior/posterior hippocampus, entorhinal cortex (ERC), Brodmann 

areas (BA) 35 and 36, and PHC on T1w MRI (Xie et al., 2019). Estimate of intracranial volume 

(ICV), median thickness of MTL subregions including anterior hippocampus, BA 35 and BA36, 



ERC and PHC were obtained from T1-weighted images.  Hippocampal subfield volumes: CA1, 

DG and  subiculum (SUB) was obtained from high-resolution T2-MRIs using the Automated 

Segmentation for Hippocampal Subfields (ASHS-T2) software (Yushkevich et al., 2015), with a 

manual protocol as described in Berron et al. (2017). All MRI scans and subfield labels were 

visually inspected for quality, and the segmentations were edited when necessary. In some 

participants, a subset of MTL regions did not have sufficient quality to be included in the 

analyses. As a result, the number of subjects for a given MTL measure varies. All volume and 

thickness of subfield measures were average of the left and right values.  

 

CSF Aβ42, CSF Aβ40  

         At Eli Lilly and Company, analysis of CSF Aβ42 and CSF Aβ40 using Meso Scale 

Discovery immunoassays (MSD; Rockville, MD, USA). In BioFINDER-2, Aβ PET is by design 

performed only cognitively normal individuals and those with MCI and thus CSF Aβ42/Aβ40 

was chosen to ensure a common measure of Aβ pathology across all participants. 

Aβ-status (positive/negative) was defined using CSF Aβ42/Aβ40 with a cut-off of <0.752 

(determined using Gaussian mixture modelling) (Bertens et al., 2017).  

[18F]RO948 Tau-PET 

          Tau PET with dynamic (list-mode) studies was performed using [18F]RO948 (Kuwabara et 

al., 2018), on digital GE Discovery MI scanners over 70-90 min post injection of ~370 MBq 

[18F]RO948. Standardized uptake value ratio (SUVR) were created using the inferior cerebellar 

cortex as reference region (Baker et al., 2017). A high- resolution T1-weighted MRI was used for 

PET image co-registration and template normalization. Volume weighted FreeSurfer-based 

(FreeSurfer v6.0 (https://surfer.nmr.mgh.harvard.edu/) composite regions of interest (ROI) for 

tau-PET were created based on volume-weighted average (of left and right) scores of ERC, 

inferior temporal cortex, medial temporal cortex, fusiform gyrus, parahippocampal cortex and 

amygdala (Leuzy et al., 2020). This ROI encompasses brain regions affected in Braak and 

Braak’s stages I-IV (Braak & Braak, 1995). Tau positivity was determined based on the 

predefined cut-off of mean plus 2.5 SDs (Br I-IV ROI > 1.36 SUVR) in Aβ-negative young 

controls (Leuzy et al., 2020).  

 



Cognitive tests 

As a test for memory, participants were administered the delayed 10-word-list-recall test 

(ADAS delayed) from Alzheimer’s Disease (AD) Assessment Scale-Cognitive Subscale (ADAS-

Cog) (Rosen et al., 1984). The learning trial of the 10 words was repeated three times. After a 

distraction task (Boston Naming Test – 15 items short version), the participant freely recalled the 

10 words (“delayed recall”). The performance was measured on a scale of 0-10 and delayed 

recall was scored as number of errors (i.e., 10 - correctly recalled words) such that a higher score 

meant worse memory performance. Means and standard deviations were established in 

cognitively unimpaired healthy controls and adjusted for age and education. The ADAS cut-off 

scores were ≥ 4 for 70 years and below ≥ 5 for more than 70 years old. Additionally, MMSE 

(Folstein et al., 1975) was administered to all participants. 

Statistical analyses 

Group comparisons 

To analyse the effect of diagnostic group (EOAD, LOAD, EOMCI, LOMCI, YHC, OHC) 

on MTL subfields: extrahippocampal subfield volumes (BA35, ERC, PHC, BA36) and 

hippocampal subfield volumes (CA1, SUB, DG, aHPC, pHPC), linear models will be fitted with 

diagnostic group as independent (factor) variable, extrahippocampal and MTL subfield volumes 

as dependent variable and intracranial volume (ICV) and sex will be entered as covariates. 

ANCOVA with type III sum of squares will be fitted to the linear models to investigate whether 

diagnostic group has a significant effect on the means of the dependent variables adjusted for 

covariates. Pairwise group comparisons are considered significant if p < 0.05. To make the 

comparisons more meaningful, adjusted mean of each subfield volume in patient groups were 

expressed as percentage difference of the adjusted mean volume of respective subfield in healthy 

controls. Visual inspections were done to ensure all regression models meet assumption of 

multicollinearity, normality of error terms, linearity, homogeneity of variance and where 

applicable, homogeneity of slopes unless otherwise reported.   

 

 

 



Exploratory analyses 

Age effect on subfield volume 

To investigate the effect of age on each MTL subfield volume in AD group as a whole, 

regressions models were fitted with age as an independent variable and each subfield as a 

dependent variable controlled for sex and ICV. The same analyses were repeated for MCI group 

as a whole to investigate the effect of age on each MTL subfield. We applied t-statistics for the 

linear regression coefficient and only p values < .050 were considered significant. 

MTL-tau load (MTL tau-SUVr) and subfield volume 

Additionally, to investigate the relationship between the amount of tau (tau burden) and 

MTL subfield volume, we also conducted Pearson’s correlations between MTL tau PET signal 

(tau-SUVr) values and each MTL subfield volume. 

Cognitive scores 

Pearson’s correlation analyses were performed to assess the relationship between each 

MTL subfield volume and ADAS and MMSE scores in AD group. MTL tau-SUVr were also 

correlated with MMSE and ADAS scores in AD group.  

Pearson’s correlation analyses were performed to assess the relationship between each 

MTL subfield volume and ADAS and MMSE scores in MCI group. MTL tau-SUVr were also 

correlated with MMSE and ADAS scores in MCI group. 

All analyses were performed in R v3.3.2 (www.r-project.org). 
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RESULTS 

Descriptive statistics 

Descriptive characteristics of the samples: age, sex ratio, education, cognitive scores are 

summarised in the table below. 

 

Table 3 

 

Demographic data 

 EOAD LOAD EOAD 

> 

LOAD 

EOMCI LOMCI EOMCI 

> 

LOMCI 

YHC OHC YHC 

 > 

OHC 

Age 61 (5) 77 (4) NA 59 (4) 76 (3) NA 54 (6) 75 (5) NA 

Sex 

(% of 

female) 

69% 51% NA 15% 

 

47% NA 57% 51% NA 

Total (N) 16 74 NA 6 32 NA 152 136 NA 

Education 

(Mean, 

SD) 

14 (3) 11 (4) p < .050 16 (4) 13 (5) p > .050 14 (3) 12 (3) p < 

.001 

MMSE 

(Mean, 

SD) 

21 (4) 20 (4) p >.050 28 (1) 26 (2)  p < .050 29 (1) 29 (1) p>.050 

ADAS 

(Mean, 

SD) 

8 (2) 9 (1) p < .050 9 (1) 7 (2) p <.050 2 (1) 3 (2) p < 

.001 

 

Group comparisons 

YHC vs EOMCI 

EOMCI group had significant volume reductions in all MTL subfields (BA35, BA36, 

ERC, PHC, CA1 and SUB) except DG as compared with YHC after controlling for ICV and sex. 

The result of group comparison between YHC and EOMCI is summarised in table 4. 

 

 



Table 4 

Volume reduction in each MTL subfield volume in EOMCI compared to YHC (the subfields that 

showed significant reductions are in bold) 

Group 

comparison 

Subfield % reduction df t-statistic p-value 

EOMCI < YHC  BA35 13.846 154 4.106   <.001 

 BA36 9. 462  154 2.040    <.050 

 ERC 8.134 154 2.408  <.050 

 PHC 6.104 154 2.316 <.050 

 CA1 22.107 134 2.563  <.050 

 SUB 17.195 154 3.481  <.001 

 DG 2.291 135 0.347    >.050 

 

Figure 1 

Percentage of volume loss in YHC compared to EOMCI in BA35, BA36, ERC, PHC, CA1, SUB 

and DG  

(Significance codes: 0.001 ‘***’ 0.01 ‘**’ 0.05 ‘*’ n.s ‘not significant’) 

 

 



OHC vs LOMCI 

LOMCI group had significant volume reduction in all MTL subfields (BA35, BA36, 

ERC, PHC, CA1, SUB and DG) as compared with OHC after controlling for ICV and sex. The 

result of group comparison between OHC and LOMCI is summarised in table 5. 

 

Table 5 

Volume reduction in each MTL subfield volume in LOMCI compared to OHC 

Group 

comparison 

Subfield % reduction df t-statistic p-value 

LOMCI < OHC BA35 7.643   173 4.669  <.001 

 BA36 3.880  173 2.309    <.050 

 ERC 7.075  173 5.088  <.001 

 PHC 3.022 173 2.339    <.050 

 CA1 11.500 149 3.468  <.001 

 SUB 15.251  175 6.223  <.001 

 DG 8.109 149 2.671   <.010 

 

Figure 2 

Percentage of volume loss in OHC compared to LOMCI in BA35, BA36, ERC, PHC, CA1, SUB 

and DG 

  

(Significance codes: 0.001 ‘***’ 0.01 ‘**’ 0.05 ‘*’ n.s ‘not significant’) 



EOMCI vs LOMCI 

None of the MTL subfields (BA35, BA36, ERC, PHC, CA1, SUB, DG, aHPC and pHPC) 

showed significant volume difference when LOMCI group and EOMCI were compared 

controlling for ICV and sex. The results of group comparison between EOMCI and LOMCI is 

summarised in table 6 and 7. 

 

Table 6 

MTL subfield volume reduction in LOMCI compared to EOMCI (note LOMCI < EOMCI) 

Group comparison Subfield % difference df t-statistic p-value 

LOMCI < EOMCI ERC 0.847 34 -0.199     >.050     

 PHC 1.954 34 -0.555     >.050 

 CA1  2.311 24 -0.205     >.050 

 SUB  5.103 34 -0.704   >.050 

 DG 10.791 24 -1.139    >.050 

 aHPC 6.421 32 -0.831     >.050 

 

 

Table 7 

MTL subfield volume reduction in EOMCI compared to LOMCI (note EOMCI < EOMCI) 

Group comparison Subfield % difference df t-statistic p-value 

EOMCI < LOMCI BA35 -1.070 34 0.250     >.050 

 BA36 -1.073 34 0.237   >.050 

 pHPC -2.947 32 0.405    >.050 

      

 

YHC vs EOAD 

EOAD group had significant volume reduction in all MTL subfields (BA35, BA36, PHC, 

CA1, SUB and DG) as compared with YHC after controlling for ICV and sex except for ERC. 

The results of group comparison between YHC and EOAD is summarised in table 8. 

 

 

 

 

 



Table 8 

Volume reduction in each MTL subfield volume in EOAD compared to YHC (the subfields that 

showed significant reductions are in bold)  

Group 

comparison 

 

  Subfield %  

reduction 

df t-statistic p-value 

EOAD < YHC   BA35 10.113   163 4.941 <.001 

   BA36 5.691   163 2.070 <.050 

   ERC 3.116 163 1.452    >.050 

   PHC 6.040 163 3.554  <.001 

   CA1 14.201 146 3.782  <.001 

   SUB 15.682 164 5.881  <.001 

   DG 11.553 146 3.450  <.001 

 

Figure 3 

Percentage of volume loss in EOAD compared to YHC in BA35, BA36, ERC, PHC, CA1, SUB 

and DG 

 

 (Significance codes: 0.001 ‘***’ 0.01 ‘**’ 0.05 ‘*’ n.s ‘not significant’) 

 

OHC vs LOAD 

LOAD group had significant volume reduction in all MTL subfields (BA35, BA36, ERC, 

PHC, CA1, SUB and DG) as compared with OHC after controlling for ICV and sex. The results 

of group comparison between OHC and LOAD is summarised in table 9. 

 



Table 9 

Volume reduction in each MTL subfield volume in LOAD compared to OHC (the subfields that 

showed significant reductions are in bold)  

Group comparison Subfield %  

reduction 

df t-statistic p-value 

LOAD < OHC BA35 11.580   177 7.556  <.001 

 BA36 7.671 177 5.335  <.001 

 ERC 12.357 177 9.306    <.001 

 PHC 9.353 177 8.175  <.001 

 CA1 19.014 149 7.847  <.001 

 SUB 18.363 178 11.117   < .001 

 DG 13.315 148 5.877  <.001 

 

Figure 4 

Percentage of volume loss in LOAD compared to OHC in BA35, BA36, ERC, PHC, CA1, SUB 

and DG 

 

 

 (Significance codes: 0.001 ‘***’ 0.01 ‘**’ 0.05 ‘*’ n.s ‘not significant’) 

 

EOAD vs LOAD 

BA35 and BA36 and DG volumes were comparable between EOAD and LOAD group. 

EOAD group had significantly smaller ERC, PHC, CA1, SUB as compared with LOAD after 

controlling for ICV and sex.  EOAD group had significantly bigger aHPC and pHPC than LOAD 



after controlling for ICV and sex. The results of group comparison between EOAD and LOAD is 

summarised in table 10. 

Table 10 

Volume reduction in each MTL subfield volume in LOAD compared to EOAD (the subfields that 

showed significant reductions are in bold)  

Group 

comparison 

Subfield % difference df t-statistic p-value 

LOAD vs EOAD BA35 5.695   85 -1.650     >.050 

 BA36 4.708  85 -1.470     >.050 

 ERC 7.886   85 -2.391    <.050 

 PHC 8.263 85 -3.480  <.001 

 CA1 11.971 67  2.500  <.050 

 SUB 11.382   86 -3.063  <.010 

 DG 5.913 67 -1.632    >.050 

 aHPC 13.608 76 -2.503    <.050 

 pHPC 15.234 76  -3.254    <.010 

 

Figure 5 

Percentage of volume loss in LOAD compared to EOAD in pHPC, aHPC, BA35, BA36, ERC, 

PHC, CA1, SUB and DG  

 

 (Significance codes: 0.001 ‘***’ 0.01 ‘**’ 0.05 ‘*’) 

n.s 



Relationship among MTL-tau, MTL subfield volumes and cognitive scores in MCI 

There is no significant correlation between MTL-tau and all MTL subregion volume in 

MCI group. 

MTL-tau has a marginally significant correlation with ADAS (r(47) = 0.284, p <.050) but 

not with MMSE scores. No correlation between each MTL subfield volume and MMSE score. 

No correlation between each MTL subfield volume and ADAS score.  

Relationship among MTL-tau, MTL subfield volumes and cognitive scores in AD 

MTL-tau is associated with BA36 volume (r(103) = -0.300, p < .010) but with no other 

subfield. MTL-tau does not correlate with ADAS score but correlated with MMSE score (r(104) 

= -0.225, p < .050).  

All MTL subfield volumes are significantly correlated with ADAS scores: BA35 volume (r(103) 

= -0.369, p < .001), BA36 volume (r(103) = - .008, p < .050), ERC volume (r(103) = -0.487, p < 

.001), PHC volume (r(83) = -0.360, p < .001), CA1 volume (r(104) = -0.472, p < .010), SUB 

volume (r(83) = -0.358, p <.050), DG volume (r(83) = 0.295, p < .010).  

BA 36 is significantly correlated with MMSE score (r(103) = 0.243, p < .050) no other region has 

correlation with MMSE score.  

Effect of age on subfield volume in AD 

Age is predictive of PHC, CA1, SUB and DG volume after controlling for sex and ICV in 

AD group as a whole. 

Table 11 

Coefficient table of age as a predictor of each MTL subfield covaried for sex and ICV in AD 

group as a whole (EOAD+LOAD). Age has negative effect on subfields shown in bold. 

Subfield  βcoefficient of 

age 

df  t-statistic p value 

BA35 -3.130e-03   101 -0.904     >.050 

BA36 -2.001e-03   101 -0.543     >.050 

ERC -4.030e-03   101 -1.301     >.050 

PHC -6.476e-03   101 -2.627   <.010 

CA1 -2.597e+00   81 -2.023   <.050  

SUB -5.120e+00   102 -3.036 <.010 

DG -2.214e+00   

 

81 -2.243    <.050 

 

Effect of age on subfield volume in MCI 

Age is predictive of ERC, PHC and SUB after controlling for sex and ICV in MCI group 

as a whole. Although we observed that age has a negative effect on ERC, PHC and SUB volumes 

in MCI group as a whole. 



Table 12 

Coefficient table of age as a predictor of each MTL subfield covaried for sex and ICV in MCI 

group as a whole (EOMCI+LOMCI). Age has negative effect on subfields shown in bold. 

Subfield β coefficient for 

age variable 

df t-statistic P value 

BA35 -6.366e-03   45 -1.736    >.050 

BA36 -7.202e-03   45 -1.603    >.050  

ERC -7.948e-03    45 -2.263    <.050 

PHC -7.085e-03  45 -2.351    <.050 

CA1 -3.452e+00   31 -1.469     >.050 

SUB -6.359e+00   45 -2.148 <.050 

DG -2.713e+00   31 -1.435    >.050 

 

Discussion 

The purpose of this study is to investigate whether the MTL subregional atrophy in 

EOAD and LOAD of the amnestic variant follows a similar pattern. To this end, we performed 

group comparisons between patient groups (EOAD, LOAD, EOMCI, LOMCI) and cognitively 

healthy controls of their own age category as well as direct comparison between patient groups. 

Generally, the findings of our study are in support of our main hypotheses. All patient groups 

reliably showed volume loss in various MTL subfields compared to healthy controls of their own 

age category. We found that the topography of MTL subregional atrophy in  EOAD, LOAD, 

EOMCI and LOMCI resemble the topography of regional NFT distribution of Braak and Braak 

(1991). All patient groups generally displayed atrophy in BA35, ERC as well as in the 

hippocampus. In both MCI and AD groups, percentage of volume loss in different MTL subfields 

differed widely which corroborates that NFT pathology does not affect all MTL subregions 

uniformly (Braak & Braak, 1991).  

MCI 

We followed the reasoning by Petersen et al. (2019) that if EOAD differs from LOAD in 

the anatomical distribution of AD pathology, such differences will be most apparent in MTL 

subregions affected early in the disease process. Our study found that BA35, BA 36, ERC and 

PHC showed comparable atrophy in both EOMCI and LOMCI groups corroborating the highly 

replicated Braak and Braak (1991)-like pattern. This finding broadly matches pervious findings in 



prodromal and preclinical stages of typical AD (Wolk et al., 2017; Xie et al., 2019). In Xie et al. 

(2019), atrophy was modest but detectable in BA35, BA36 and Wolk et al. (2017) also reported 

that BA35 and PHC showed volume decrease in early preclinical AD.  

We postulated that if perhaps disease progression is more aggressive in EOMCI than 

LOMCI, EMOCI will show greater atrophy in BA 36 and PHC that were shown to be affected 

later MCI stage (Berron et al., 2021). However, EOMCI and LOMCI did not differ in BA36 and 

PHC volumes therefore EOMCI group in our study did not appear to be in a more advanced 

disease stage than LOMCI. MMSE score in EOMCI was also higher compared to LOMCI. Age 

has a significant negative effect on ERC, PHC and SUB and aHPC but age-related atrophy was 

not large enough to make significant group differences between EOMCI and LOMCI. Both 

aHPC and pHPC volumes are similar between EOMCI and LOMCI. Therefore, we can speculate 

that despite more advanced age, LOMCI sample in this study did not appear to have higher TDP-

43 pathology.  

Hippocampal atrophy was reported in preclinical stages of AD (Wolk et al., 2017; Xie et 

al., 2019). In line with previous finding in aMCI sample that showed significant volume loss in 

CA1 and SUB (de Flores, La Joie, et al., 2015b; La Joie et al., 2013), we also found that CA1 and 

SUB showed greatest amount of atrophy in both EOMCI and LOMCI compared to healthy 

controls. We postulated that due to age-related atrophy in LOMCI atrophy of CA1 and SUB in 

LOMCI will be greater than EOMCI but this was not supported by the results.  It is worthy of 

note that EOMCI group was small and additionally, it only had one female thus controlling for 

gender might not have had any effect. Future studies should compare EOMCI and LOMCI in 

samples with similar proportion of both sexes.  

Given previous findings that DG is relatively resilient (Ohm, 2007), we did not expect 

volume loss in DG at MCI stage. Our hypothesis found partial support. EOMCI did not show DG 

volume loss compared to healthy controls but LOMCI group had smaller DG compared to 

healthy controls. The findings on DG involvement at MCI stage is mixed. DG atrophy was 

present in prodromal AD (Wolk et al., 2017) and in amnestic MCI (Yushkevich et al., 2015). In 

contrary, de Flores, La Joie, et al. (2015b) and La Joie et al. (2013) only found significant atrophy 

in CA1 and SUB in MCI. However, in these two studies, DG was not evaluated separately but 

amalgamated into a composite volume (CA2/3/4/DG) thus possibly obscuring subtle changes in 



DG. Interestingly, Pluta et al. (2012) found that in aMCI patients, ASHS-generated DG volumes 

were significantly different from controls but the differences disappeared after manual correction 

(Pluta et al., 2012). It can be interpreted that DG atrophy, if present, is subtle at MCI stage and 

might not be detectable by crude composite measures. This highlights the importance of 

methodological consistency among studies for meaningful comparison of findings. Another 

explanation for difference in DG volume between LOMCI and healthy controls could be due to 

the fact that AD negativity in healthy controls as well as AD positivity in MCI groups was 

confirmed by biomarker evidence. This ensured that healthy control group did not contain 

individuals with AD pathology and might have made the subtle contrast between LOMCI and 

healthy controls unobscured.  

AD 

As we hypothesised, in comparison to their healthy counterparts, EOAD group and 

LOAD group had significant volume reductions in all hippocampal and extrahippocampal regions 

involved in Braak and Braak (1991) staging except preservation of ERC in EOAD which was 

unexpected. As predicted, LOAD group showed smaller CA1 and SUB than EOAD which is in 

line with the findings that amnestic EOAD patients showed greater hippocampal atrophy 

(Mendez, 2012) and greater grey matter loss in MTL relative to age-matched healthy controls 

(Möller et al., 2013). Age is predictive of CA1 and SUB volume in our AD sample and the 

relationship is negative. Moreover, the prevalence of non-AD copathologies also increase with 

age (Spina et al., 2021). Therefore, age differences most likely explain smaller CA1 and SUB in 

LOAD compared to EOAD.  

Finding that CA1 decreases in size with age is fairly unequivocal (Frisoni et al., 2005; 

Wisse et al., 2014) but findings regarding the association between aging and SUB is more 

variable. Subiculum atrophy has been reported as unrelated to aging but associated with AD-

related pathology (Daugherty et al., 2016). But elsewhere, SUB is reported to have reduced 

volume in ageing (Chételat et al., 2008; La Joie et al., 2010) and even as one of the subfields 

most affected by ageing  (Malykhin et al., 2017). Discrepancies could stem from different age 

range of the samples. Finding in our study suggests that SUB atrophy is associated with both 

aging and AD pathology. 



Lastly, we hypothesised that BA36, PHC and DG would be more atrophied in EOAD 

compared to LOAD given the reports that EOAD tends to take more aggressive course (Bateman 

et al., 2011; Holland et al., 2012; Tellechea et al., 2018; van der Flier et al., 2011). However, we 

found that BA36 and DG volumes between EOAD and LOAD was comparable and PHC volume 

was smaller in LOAD than in EOAD. Given that LOAD group had smaller pHPC which is 

targeted by tau pathology (Spina et al., 2021), we can speculate that LOAD might in fact be in 

more advanced stage of AD. Since aPHC is smaller in LOAD than EOAD, we can also speculate 

that TDP-pathology might be higher in LOAD group. Furthermore, ERC volume loss was 

reported to be associated with TDP-43 pathology (de Flores et al., 2020) and LOAD sample in 

our study had smaller ERC volume compared to EOAD but ERC volume was preserved in our 

EOAD sample.  

Cognitive scores 

We also explored the relationship between MTL tau burden (MTL tau-PET SUVr), 

subfield atrophy and memory performance (ADAS score). In MCI group, ADAS score correlated 

with tau burden of MTL subfields (captured by composite MTL tau-PET SUVr) but not with 

MTL subfield volume. This is not surprising as synaptic loss takes place in terminal zones of 

neurons that are prone to develop tau tangles (Davies & Terry, 1981). Tau-related 

neurodegeneration (Ferreira et al., 2020) and synaptic loss (Ohm, 2007), even in the absence of 

overt brain atrophy might be sufficient to bring about memory symptoms (Ferreira et al., 2020; 

Ohm, 2007). This might explain the significant correlation between MTL tau burden and memory 

scores and the absence of correlation between MTL volume and memory scores in MCI group. 

This finding corroborates the previous finding that tau burden in MTL regions but not atrophy 

was associated with lower memory performance in cognitively unimpaired individuals and MCI 

patients (Berron et al., 2021). 

 In contrast, tau burden in AD had no relationship with ADAS scores and instead, 

subregional volumetry correlated with ADAS scores. It has been reported that in AD, cognitive 

decline correlates most closely with neuronal loss followed by tau burden (Petersen et al., 2019). 

This is consistent with the notion that AD biomarkers turn abnormal in a sequence starting with 

amyloid measures followed by tau measures, then structural MRI and subsequently by clinical 

symptoms (Jack & Holtzman, 2013). Although this is true for AD population, correlation 



between ADAS score and tau burden in MCI stage might suggest that structural changes might 

not precede clinical symptoms. Given more general nature of ADAS delayed memory measure, 

our ability to infer specific function of each MTL subregions in this study is limited.  

Nonetheless, we infer that MTL tau burden would be more informative to investigate the 

neural substrate of memory subfunctions in earlier stages (e.g. MCI population) whereas 

subregional atrophy pattern might prove more useful in later stages of disease development (e.g. 

AD population). The finding that tau burden (composite MTL-tau) correlates with memory scores 

(ADAS) in MCI was promising that this population might be suitable for studying specialised 

sub-function of memory of each MTL subfield in. At MCI stage, the impairment is more likely to 

be domain-specific thus methods such as event-based modelling to track NFT distribution in each 

MTL substructure combined with more specific tests for memory subfunctions might potentially 

allow us to probe structural correlate of memory subfunctions.  

According to cognitive reserve theory, given similar level of brain damage, people with 

better cognitive reserve have less severe the symptoms (Möller et al., 2013). Möller et al. (2013)  

proposed that early-onset AD patients might have more cognitive reserve, explaining the finding 

of more widespread atrophy in the presence of similar performance on the MMSE. Our finding 

somewhat contradicts this notion. In our study, despite comparable volume loss between EOMCI 

and LOMCI, EOMCI group had worse memory performance (ADAS scores). Alternative 

interpretation would be that higher cognitive reserve in late onset group delayed the onset of 

clinical symptoms in spite of comparable pathological burden. Further research is needed to 

investigate the role of cognitive reserve in onset of AD symptoms.  

Our study has numerous strengths but also notable limitations. High resolution T2-

weighted imaging allowed more accurate visualisation of subfields which are less visible on T1-

weighted images (Xie et al., 2019). Moreover, the ASHS segmentation method used in this study 

has been well-validated and developed in collaboration with a neuroanatomist (Berron et al., 

2017). Focusing on the typical amnestic subtype of AD minimised variant-related heterogeneity 

and higher prevalence of this variant maximised the sample size. Validating positive AD 

pathology in the patient group and AD negativity in control groups using biomarkers allowed for 

better patient-control contrast. We also used a more liberal cut-off age of 70 to partition early and 

late onset groups. This is done to avoid erroneously assigning early onset patients to the late onset 



group as the age at onset is an estimation. Future studies should explore using different age cut-

offs. Despite our best effort, our study inevitably suffered from a small sample size like many 

other studies. However, group differences were consistently observed. Exclusive focus on 

amnestic variant and only including AD negative healthy controls might have reduced 

heterogeneity and improved the statistical power.  

Nevertheless, our study contributed a novel finding that MTL subregional atrophy in 

EOAD and LOAD of amnestic type share similar pattern. This insight will contribute to 

designing research studies and clinical trials in AD (Reitz et al., 2020). Moreover, selective and 

predictable subregional neurodegeneration in AD will allow identification of regional correlates 

of memory sub-functions. The benefit of such research is multi-fold as it advances our 

understanding of memory function which in turn could be utilised to develop more sophisticated 

clinical diagnostic tests for AD. Furthermore, a more complete map of the clinical symptoms and 

regional distribution of tau will also advance our understanding of the neuropathological 

framework underlying the clinical manifestations in AD (Ossenkoppele et al., 2015).  
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