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A B S T R A C T

The most common presentation of early onset Alzheimer's disease (EOAD – defined as symptom onset< 65
years) is with progressive episodic memory impairment – amnestic or typical Alzheimer's disease (tAD).
However, EOAD is notable for its phenotypic heterogeneity, with posterior cortical atrophy (PCA) – char-
acterised by prominent higher-order visual processing deficits and relative sparing of episodic memory – the
second most common canonical phenotype. The hippocampus, which comprises a number of interconnected
anatomically and functionally distinct subfields, is centrally involved in Alzheimer's disease and is a crucial
mediator of episodic memory. The extent to which volumes of individual hippocampal subfields differ between
different phenotypes in EOAD is unclear. The aim of this analysis was to investigate the hypothesis that patients
with a PCA phenotype will exhibit differences in specific hippocampal subfield volumes compared to tAD. We
studied 63 participants with volumetric T1-weighted MRI performed on the same 3T scanner: 39 EOAD patients
[27 with tAD and 12 with PCA] and 24 age-matched controls. Volumetric estimates of the following hippo-
campal subfields for each participant were obtained using Freesurfer version 6.0: CA1, CA2/3, CA4, pre-
subiculum, subiculum, hippocampal tail, parasubiculum, the molecular and granule cell layers of the dentate
gryus (GCMLDG), the molecular layer, and the hippocampal amygdala transition area (HATA). Linear regression
analyses comparing mean hippocampal subfield volumes between groups, adjusting for age, sex and head size,
were performed. Using a Bonferonni-corrected p-value of p < 0.0025, compared to controls, tAD was associated
with atrophy in all hippocampal regions, except the parasubiculum. In PCA patients compared to controls, the
strongest evidence for volume loss was in the left presubiclum, right subiculum, right GCMLDG, right molecular
layer and the right HATA. Compared to PCA, patients with tAD had strong evidence for smaller volumes in left
CA1 and left hippocampal tail. In conclusion, these data provide evidence that hippocampal subfield volumes
differ in different phenotypes of EOAD.

1. Introduction

Early onset Alzheimer's disease (EOAD – defined as symptom onset
under the age of 65) represents the most common cause of young onset

dementia (Harvey et al., 2003) and often poses a significant diagnostic
challenge (Rossor et al., 2010). As is the case in the more common late-
onset form of Alzheimer's disease (LOAD), the most common pre-
sentation of EOAD is the amnestic led typical form of Alzheimer's
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disease (tAD), characterised by progressive episodic memory impair-
ment. However, compared to LOAD, a higher proportion of EOAD pa-
tients present with non-amnestic atypical phenotypes (Mendez, 2012;
Rossor et al., 2010; Slattery et al., 2017). The most commonly en-
countered atypical phenotype is that of posterior cortical atrophy
(PCA), which is characterised by prominent higher-order visual pro-
cessing deficits and relative sparing of episodic memory (Crutch et al.,
2012, 2017). Why individuals with EOAD are more likely to develop
these often markedly different phenotypes, is not clear.

In vivo brain imaging has provided significant insights into patho-
physiological differences between tAD and PCA (Alves et al., 2013).
Whereas deposition of beta-amyloid (Aβ) occurs throughout the cortex
and does not show major differences between tAD and PCA phenotypes
(Lehmann et al., 2013; Ossenkoppele et al., 2016; Whitwell et al.,
2018), marked differences in cortical grey matter volume/cortical
thickness (Lehmann et al., 2011; Poulakis et al., 2018; Ridgway et al.,
2012; Whitwell et al., 2018; Whitwell et al., 2007), glucose hypome-
tabolism (Lehmann et al., 2013; Whitwell et al., 2018), cerebral blood
flow (Lehmann et al., 2016) and tau positron emission tomography
tracer uptake (Ossenkoppele et al., 2016; Whitwell et al., 2018), most
notably in the posterior parietal and occipital cortices, have been ob-
served between tAD and PCA phenotypes.

In addition to brain imaging changes apparent in the cortex, there is
also interest in how differences in subcortical structures may relate to
phenotypic heterogeneity. The hippocampus is centrally involved in
Alzheimer's disease, and although it is not the only brain region im-
plicated (Aggleton et al., 2016), it plays a central role in mediating
episodic memory (Dickerson and Eichenbaum, 2010). Lower total
hippocampal volume measured in vivo is associated with clinically de-
tectable Alzheimer's disease (Jack et al., 1992, 2000; Kesslak et al.,
1991; Scheltens et al., 1992; Seab et al., 1988), is predictive of neuro-
pathological features of Alzheimer's at post-mortem (Bobinski et al.,
2000; Jack et al., 2002), and has been incorporated into contemporary
diagnostic criteria for Alzheimer's disease (Dubois et al., 2014;
McKhann et al., 2011). In patients with PCA, total hippocampal volume
has been shown to be reduced compared to controls, although to a
much lesser extent than the volume loss observed in tAD (Manning
et al., 2015; Peng et al., 2016). Differences in hippocampal morphology
between tAD and PCA patients, thought to reflect the relative pre-
servation of hippocampal tissue in PCA (Manning et al., 2015), have
also been reported.

However, the hippocampus is not a homogenous structure, and
comprises a number of interconnected anatomically distinct subfields
(Small et al., 2011). Neuropathological studies suggest differential pa-
thological changes occur between hippocampal subfields in Alzheimer's
disease. Neurofibrillary tangles, for example, are initially deposited in
CA1, then the subiculum, CA2, CA3, CA4 and dentate gyrus (Braak and
Braak, 1991; Lace et al., 2009). In keeping with this, Alzheimer's dis-
ease-related changes in grey matter microstructure (e.g. neuronal/
dendritic loss) have also been shown to be most prominent in CA1
(Akram et al., 2008; Kerchner et al., 2014; Price et al., 2001; Rössler
et al., 2002; Scheff et al., 2007; West et al., 1994). Although technically
challenging, there has been considerable interest in quantifying the
volumes of different hippocampal subfields in vivo using structural MRI
and there is evidence to suggest preferential atrophy of certain sub-
fields, especially CA1 and the presubiculum/subiculum complex in tAD
(Apostolova et al., 2010, Apostolova et al., 2006; Blanken et al., 2017;
Carlesimo et al., 2015; Iglesias et al., 2015; La Joie et al., 2013; Mak
et al., 2017; Mueller et al., 2010; Pini et al., 2016; Wisse et al., 2014a,
2014b).

In addition to being anatomically distinct, there is evidence to
suggest that hippocampal subfields are functionally distinct (Small
et al., 2011). CA1 in particular has been implicated as having particu-
larly prominent role in sub-components of episodic memory (Bartsch
et al., 2011; Bartsch et al., 2010; Dimsdale-Zucker et al., 2018).

To what extent the volume of individual hippocampal subfields

differ between contrasting phenotypes in EOAD is unclear. Given the
relative sparing of episodic memory in PCA compared to tAD (Crutch
et al., 2017; Crutch et al., 2012); the relative sparing of total hippo-
campal atrophy in PCA compared to tAD (Manning et al., 2015; Peng
et al., 2016); and evidence from healthy adults that individual subfields
are implicated in sub-components of episodic memory (Bartsch et al.,
2011, Bartsch et al., 2010; Dimsdale-Zucker et al., 2018), we hy-
pothesised that there would be differences in specific hippocampal
subfield volumes between patients with a PCA phenotype and those
with tAD. In particular, we hypothesised that patients with tAD would
have more atrophy in sub-fields most clearly implicated in episodic
memory (e.g. CA1), and that these would be relatively spared in PCA;
and that given that higher order visual problems are associated with
right sided cortical atrophy, that compared to each other, tAD would
show more left and PCA more right-sided subfield loss. With this in
mind the aim of this study was to investigate the extent of atrophy of
specific hippocampal subfields in EOAD using data from a population of
patients with both tAD and PCA phenotypes, as well as age-matched
healthy controls.

2. Methods

2.1. Participants

A total of 45 patients meeting consensus criteria for probable
Alzheimer's disease (McKhann et al., 2011) with symptom onset< 65
years were recruited prospectively from 2013 to 2015 from a specialist
cognitive disorders clinic (Parker et al., 2018; Slattery et al., 2017).
Documentation of the age at symptom onset and the presenting cog-
nitive symptom were recorded for all patients. Patients included in the
analysis were classified as having an amnestic (McKhann et al., 2011)
or PCA (Crutch et al., 2017; Tang-Wai et al., 2004) phenotype ac-
cording to published criteria. Cerebrospinal fluid (CSF) neurodegen-
erative markers were available for 34/39 patients (25/27 tAD and 9/12
PCA patients). All patients with CSF available had profiles consistent
with Alzheimer pathology (mean Aβ1–42= 404 ± 52 ng/l;
tau:Aβ1–42 ratio= 2.20 ± 1.41) (Weston et al., 2015), therefore ful-
filling NIA and IWG-2 criteria for AD (Dubois et al., 2014; McKhann
et al., 2011), and in the case of the PCA group fulfilling the criteria for
PCA attributable to Alzheimer's disease (PCA-AD) (Crutch et al., 2017).
No patients had prominent pyramidal/extrapyramidal motor signs or
visual hallucinations to suggest underlying cortico-basal degeneration
or Lewy body pathology. No individual scored> 4 on the Hachinski
Ischaemic Score making a vascular aetiology unlikely (Moroney et al.,
1997; Slattery et al., 2017). Twenty-four participants with no history of
cognitive concerns were recruited as healthy controls matched for age
and sex and were predominantly spouses of the EOAD patients. Detailed
multi-domain cognitive testing was performed for each participant in-
cluding: the mini-mental state examination (MMSE (Folstein et al.,
1975)); an assessment of general intellect (vocabulary and matrices
subtests of the Wechsler Abbreviated Scale of Intelligence (WASI)
(Wechsler, 1999)); digit span forwards and backwards (Wechsler,
1987); episodic memory for faces and words (Short Recognition
Memory Test (sRMT) (Warrington, 1984)); letter and category fluency;
numeracy (Graded Difficulty Arithmetic (GDA) (Jackson and
Warrington, 1986)); spelling (Graded Difficulty Spelling Test (GDST)
(Baxter and Warrington, 1994)); the National Adult Reading Test
(NART) (Nelson, 1982); visual search (letter (‘A’) cancellation)
(Willison and Warrington, 1992); and the visual object and space per-
ception (VOSP) battery (Warrington and James, 1991), which included
shape detection (early visual processing), fragmented letters (visuo-
perception), object decision (visuoperception) and dot-counting (vi-
suospatial processing). Ethical approval was obtained from the National
Hospital for Neurology and Neurosurgery Research Ethics Committee
and written informed consent was obtained from all the participants.
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2.1.1. APOE genotyping
Patient participants gave separate specific consent to donate blood

for genetic analyses. DNA was extracted and APOE genotype was de-
termined by PCR with 3′-minor groove binding probes (Slattery et al.,
2017). APOE genotype data was not available for healthy control par-
ticipants.

2.2. Image acquisition

All participants were scanned on the same Siemens Magnetom Trio
(Siemens, Erlangen, Germany) 3T MRI scanner using a 32-channel
phased array receiver head coil. Sagittal 3D MPRAGE T1-weighted
volumetric MRI sequence (TE/TI/TR=2.9/900/2200ms, matrix size

256× 256×208, voxel size 1.1×1.1× 1.1mm3) were performed for
each participant.

2.3. Hippocampal subfield volume estimation

Volumetric estimates of hippocampal formation subfields were
performed using Freesurfer version 6.0. This algorithm is based on a
computational atlas of the hippocampal formation using ex vivo, ultra-
high resolution MRI and includes: CA1, CA2/3, CA4, fimbria, the hip-
pocampal fissure, presubiculum, subiculum, hippocampal tail, para-
subiculum, the molecular and granule cell layers of the dentate gyrus
(GCMLDG), the molecular layer and the hippocampal amygdala tran-
sition area (HATA) (Iglesias et al., 2015). We did not include the

Fig. 1. Example of segmentation of the left hippocampal formation into constituent subfields in the sagittal, axial, and coronal planes (NB. selected slices do not show
the relatively smaller hippocampal amygdala transition area and parasubiculum).
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hippocampal fissure, which is a thin CSF layer rather than a hippo-
campal substructure per se, nor did we include the fimbria, which is a
small volume white matter region. It is also important to note that the
hippocampal tail is not a histologically distinct region, but instead re-
presents a conglomeration of CA1–4 and dentate gyrus, which are in-
distinguishable at this resolution due to the posterior narrowing. The
hippocampal subfield segmentation and corresponding T1-weighted
structural images for each participant were visually inspected using
Freesurfer's Freeview (see Fig. 1). This was performed with the caveat
that the limited spatial resolution provided by 3T MRI means precise
visualisation of the boundaries that define the distinct hippocampal
subfields is not possible at this field strength. Total intracranial volume
(TIV) was calculated using statistical parametric mapping (SPM) soft-
ware (SPM12; http://www.fil.ion.ucl.ac.uk/spm) (Malone et al., 2015).

2.4. Exclusions

One patient with tAD was found to have an autosomal dominant
(Presenilin 1) mutation (Beck et al., 2014) and was excluded from the
analysis based on the fact that familial Alzheimer's disease may be
considered a distinct entity (Ryan et al., 2016). EOAD patients with
language-led or behavioural phenotypes were not included in the
analysis due to limited numbers (n=2 and n=1 respectively). One
PCA patient failed Freesurfer processing and one PCA participant was
excluded on the basis of severe motion artefact degrading tissue

contrast in the hippocampus. Therefore, we included 39 EOAD patients
in this analysis.

2.5. Statistical analysis

Demographics, clinical characteristics and performance on neu-
ropsychology testing were compared between each group. For con-
tinuous characteristics, a Wilcoxon rank sum test was used, while ca-
tegorical characteristics were compared between groups using Fisher's
exact test. To investigate group differences in hippocampal subfield
volumes, linear regression analyses comparing mean hippocampal
subfield volumes between groups after adjustment for age, sex and TIV
were performed. To correct for the multiple comparisons resulting from
investigating both the left and right volumes of 10 different hippo-
campal subfields, a threshold of p < 0.0025 for formal statistical sig-
nificance was used after Bonferroni correction for comparison across
the 20 regions of interest. To aid in comparison of effect sizes between
subfields, adjusted differences between YOAD patients and controls
were expressed as a percentage change of the unadjusted mean volume
for healthy controls. Adjusted differences between tAD patients and
PCA patients were presented as a percentage change of the unadjusted
mean volume for PCA patients. To investigate whether APOE genotype
influenced hippocampal subfields a supplementary analysis comparing
subfield volumes between APOE ε4 carriers and APOE ε4 non-carriers
with and without adjustment for phenotype was performed.

Table 1
Means, standard deviations, proportions and statistical comparison of demographic, clinical and neuropsychological data for participants included in analysis. For
continuous characteristics a Wilcoxon rank sum test was used, while categorical characteristics were compared between groups using Fisher's exact test.

Participant groups p-value

HC (n=24) tAD (n=27) PCA (n=12) tAD vs HC PCA vs HC tAD vs PCA

Demographics & clinical
Age – years 60.1 (5.7) 61.1 (5.1) 61.2 (4.8) 0.72 0.79 0.93
% female 54% 75% 56% 0.57 0.20 0.22
Handedness (Left: Right) 3:21 1:26 1:11 0.26 0.59 0.53
TIV (cm3) 1482 (135) 1461 (171) 1480 (146) 0.65 0.97 0.61
Symptom duration (years) n/a 5.0 (2.8) 4.6 (2.1) n/a n/a 0.89
Education (years) 16.7 (3.0) 15.1 (2.9) 15 (2.6) 0.10 0.10 0.8
MMSE (/30) 29.5 (0.7) 19.8 (5.2) 22.7 (5.1) < 0.0001 <0.0001 0.10
% APOE ε4 carriers n/a 67% 42% n/a n/a 0.17

General intellect
WASI vocabulary (/80) 68.0 (8.8) 53.5 (17.4) 54.8 (19.6) 0.0009 0.0053 0.78
WASI matrices (/32) 26.7 (2.7) 10.6 (7.8) 4.5 (4.6)n=11 < 0.0001 <0.0001 0.017a

Digit span
forwards (max) 7.2 (1.2) 5.6 (1.4) 5.4 (1.4) 0.0002 0.0009 0.77
backwards (max) 5.5 (1.4) 3.2 (1.4)n=26 2.7 (1.4) < 0.0001 <0.0001 0.32

Episodic memory
RMT faces (/25) 24.6 (0.9) 20.2 (4.2) 18.3 (4.1) < 0.0001 <0.0001 0.16
RMT words (/25) 24.3 (1.4) 17.1 (2.9) 20.5 (4.4) < 0.0001 0.0008 0.017

Verbal fluency
Letter (F) 23.3 (5.4) 10.2 (5.5) 11.8 (5.6)n=11 0.011 0.0019 0.89
Category (animals) 15.7 (6.1) 9.4 (4.9) 9.6 (2.3)n=11 < 0.0001 0.0001 0.11

Reading, spelling & arithmetic
NART: total errors (/50) 37.8 (8.2) 30.7 (10.8) 30.6 (11.1)n=10 0.012 0.049 0.93
GDST: oral (/30) 26.1 (4.3) 14.8 (9.2)n=26 13.5 (.4)n=11 < 0.0001 0.0002 0.83
GDA: oral (/24) 14.0 (6.5) 3.4 (5.4)n=25 2.6 (3.5) < 0.0001 <0.0001 0.74

Visual processing
VOSP – shape detection (/20) 19.4 (0.8)n=23 18.5 (1.4)n=26 16.9 (2.6)n=11 0.0082 0.0001 0.02
VOSP – object decision (/20) 18.0 (1.4) 16.1 (3.1) 10.8 (3.9) < 0.0001 <0.0001 0.0003
VOSP – fragmented letters (/20) 19.5 (0.7)n=23 13.2 (7.1)n=26 7.0 (5.4)n=11 < 0.0001 <0.0001 0.013
VOSP – dot counting (/10) 9.9 (0.3) 8.4 (2.7)n=26 5.5 (3.3)n=11 0.0076 <0.0001 0.0084
A cancellation (time – seconds) 21.1 (6.0) 43.0 (21.1) 69.5 (19.8)n=11 < 0.0001 <0.0001 0.002
A cancellation (total errors) 0.1 (0.3) 0.6 (1.4)n=26 3 (3.7) n=11 0.16 0.0008 0.019

Key: HC=Healthy controls; tAD=amnestic led typical Alzheimer's disease; PCA=posterior cortical atrophy; MMSE=Mini-Mental State Examination;
WASI=Wechsler Abbreviated Scale of Intelligence; sRMT=Short Recognition Memory Test; NART=National Adult Reading Test; Graded Difficulty Spelling Test
(GDST); GDA=Graded Difficulty Arithmetic; VOSP=Visual Object and Space Perception battery. Where data is only available for a subset of participants, the total
n is specified for that variable.
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3. Results

3.1. Participant demographic, clinical and neuropsychological data

Basic demographic, clinical and neuropsychological data and com-
parison by phenotype is summarised in Table 1. There were no sig-
nificant differences in age, sex, handedness or years of education when
comparing groups. There were no significant differences in MMSE
score, disease duration or proportion of APOE ε4 carriers when com-
paring tAD and PCA patients. As expected, performance on all cognitive
tests examined was significantly worse in tAD and PCA patients com-
pared to controls. Compared to tAD patients, PCA patients performed
worse on shape detection, object decision, fragmented letters, dot-
counting and letter cancellation. PCA patients also performed worse on
matrix reasoning relative to tAD patients, likely arising from prominent
visual task demands. In contrast, tAD patients performed worse on a
verbal recognition memory measure (sRMT words).

3.1.1. Association between hippocampal subfield volumes and phenotype
Unadjusted mean volumes by group for each hippocampal subfield

are displayed in Table 2. After adjustment for age, sex and TIV there
was strong evidence that tAD patients had widespread volume loss in all
hippocampal sub-regions except the parasubiculum (Fig. 2, Table 3).

In PCA patients compared to controls, after adjustment for age, sex
and TIV the strongest evidence for volume loss was in the left pre-
subiclum, right subiculum, right GCMLDG and right molecular layer
and the right HATA, (Fig. 2, Table 3).

Comparing EOAD phenotypes, after adjusting for age, sex and TIV,
the strongest evidence for decreased volume in tAD compared to PCA
was in left CA1 and the left the hippocampal tail (Fig. 2, Table 3).

There was no evidence that APOE genotype significantly influenced
hippocampal subfield volumes in the EOAD patients included in this
analysis (see supplementary material)

4. Discussion

This study provides evidence for differences in hippocampal sub-
field volumes in patients with different phenotypic presentations of
EOAD. While patients with tAD showed widespread and symmetrical
hippocampal volume loss, those with a visual-led PCA phenotype
showed relative sparing of hippocampal volume, in line with previous
studies (Manning et al., 2015; Peng et al., 2016). In particular, we re-
port evidence of relative preservation of left CA1 and the left hippo-
campal tail (a conglomeration of CA1-4 and dentate gyrus) volume
when directly comparing tAD and PCA phenotypes, providing evidence
for differential hippocampal subfield volume in different forms of
EOAD.

While this is to our knowledge the first study to assess hippocampal
subfields in syndromic variants of Alzheimer's disease, previous hip-
pocampal subfield MRI analysis have found preferential CA1 volume
loss in tAD (Apostolova et al., 2010; Blanken et al., 2017; Iglesias et al.,
2015; Kerchner et al., 2014; La Joie et al., 2013; Mueller et al., 2010;
Pini et al., 2016; Wisse et al., 2014a, 2014b). Human post-mortem
neuropathological studies of tAD (Akram et al., 2008; Price et al., 2001;
Scheff et al., 2007; West et al., 1994), as well as animal models of
Alzheimer's disease (Helboe et al., 2017; Yang et al., 2018) have also
demonstrated early involvement of CA1. CA1 volume loss has pre-
viously been shown to be influenced by APOE genotype, with the e4
allele being associated with selective CA1 atrophy (Kerchner et al.,
2014), however this was not the case in our analysis suggesting APOE
does not mediate hippocampal subfield volume differences between
EOAD phenotypes.

CA1 has been implicated in a range of functions typically impaired
in tAD including: autobiographical memory (Bartsch et al., 2011), to-
pographical memory (Bartsch et al., 2010), as well supporting context
dependent memory retrieval (Dimsdale-Zucker et al., 2018). One im-
plication of the results of this study is that – in line with our hypotheses
– differences in atrophy profiles in individual hippocampal subfields
between tAD and PCA may also reflect differences in phenotype, most
notably sparing of episodic memory. Future work investigating the re-
lationships between hippocampal subfield volumes and different as-
pects of episodic memory, for example tasks utilising cues at encoding
and retrieval, assessed over different delay conditions (Bird and Luszcz,
1991; Liang et al., 2016), would be of considerable interest, providing
in vivo insights into subfield mediation of memory subcomponents.

There is a growing body of work suggesting that, while symmetrical
hippocampal volume loss is typically considered to be a hallmark of
Alzheimer's disease, there is hippocampal asymmetry with evidence
that the left hemisphere is subtly more affected than the right in tAD
(Barnes et al., 2005; Shi et al., 2009; Wachinger et al., 2016). In this
study, we found that, as hypothesised, in PCA there were a greater
number of subfields that showed volume loss in the right hippocampus
compared to the left hippocampus. This is supported by previous work
that has suggested cerebral atrophy in PCA has a right sided pre-
dominance compared to tAD (Alves et al., 2013; Lehmann et al., 2011;
Whitwell et al., 2018, 2007), but extends it to show that this is also the
case for hippocampal subfields. Furthermore, relative preservation of
the left hippocampus in PCA compared to tAD has been reported in
studies specifically looking at hippocampal volume in loss in PCA
(Alves et al., 2013; Manning et al., 2015). However, this right sided
predominance was not seen by another study that compared hippo-
campal volumes between tAD and PCA (Peng et al., 2016), which may
reflect different proportions of tAD patients included in each analysis,
different disease durations at time of assessment or different statistical
approaches. Further work investigating to what extent atrophy in PCA
is asymmetrical compared to tAD using more specific markers of
asymmetry (Wachinger et al., 2016) will be of interest to explore this
further.

Although left CA1 and left hippocampal tail were the only regions to
show statistically significance differences between tAD and PCA

Table 2
Unadjusted mean volumes for each hippocampal subfield by participant group.

Unadjusted mean volume (SD) (mm3)

HC tAD PCA

L R L R L R

CA1 613 638 511 541 594 594
(75) (83) (81) (81) (97) (89)

CA2/3 210 234 173 186 202 207
(38) (42) (33) (30) (32) (34)

CA4 257 268 203 223 236 237
(33) (38) (33) (32) (32) (39)

Pre-subiculum 303 284 251 244 257 246
(41) (35) (59) (55) (43) (47)

Subiculum 423 432 341 352 381 364
(51) (48) (58) (56) (57) (46)

Tail 505 546 379 451 474 513
(69) (76) (75) (65) (126) (113)

Para-subiculum 61 57 52 51 54 55
(13) (10) (15) (18) (19) (19)

GCMLDG 298 309 234 253 265 266
(38) (42) (41) (39) (36) (42)

Molecular layer 557 571 447 463 509 496
(63) (68) (76) (67) (71) (68)

HATA 58 63 44 48 52 50
(12) (12) (11) (12) (11) (8)

Total volume 3370 3469 2687 2853 3077 3066
(367) (394) (422) (393) (449) (427)

Key: HC=Healthy controls; tAD= amnestic led typical Alzheimer's disease;
PCA=posterior cortical atrophy; GCMLDG=Molecular and Granule Cell
Layers of the Dentate Gyrus; HATA=Hippocampal Amygdala Transition Area;
L= left; R= right.
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Fig. 2. Mean hippocampal subfield volumes in mm3 (left and right considered separately) with associated 95% confidence intervals for each participant group.
Values are marginal means adjusted for age, sex and TIV following linear regression analysis. Key: HC=Healthy controls; tAD=amnestic led typical Alzheimer's
disease; PCA=posterior cortical atrophy; TIV= total intracranial volume; GCMLDG=Molecular and Granule Cell Layers of the Dentate Gyrus;
HATA=Hippocampal Amygdala Transition Area.
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phenotypes at a strict Bonferroni corrected threshold, many of the
subfields (especially within the left hippocampus) showed trends to
being spared in PCA relative to tAD. However, one histologically dis-
tinct grey matter region that was notable for being involved to an equal
extent in both tAD and PCA was the presubiculum. There is evidence
from animal studies to suggest that the presubiculum may be a critical
hub that integrates information from a wide range of neocortical
structures (Insausti et al., 2017). Relevant to PCA, there is evidence that
the presubiculum receives direct projections from parietal and occipital
cortical regions (Cavada and Goldman-Rakic, 1989; Ding et al., 2000;
Seltzer and Pandya, 1984; Seltzer and Van Hoesen, 1979; Vogt and
Miller, 1983) and it is possible that the presubiculum volume loss in the
PCA patients may reflect disease spread from the occipito-parietal re-
gions to the presubiculm via these afferent connections. This is sup-
ported by the current imaging literature, which demonstrates that grey
matter atrophy (Lehmann et al., 2011; Poulakis et al., 2018; Ridgway
et al., 2012; Whitwell et al., 2018, 2007), glucose hypometabolism
(Lehmann et al., 2013; Whitwell et al., 2018), cerebral blood flow
(Lehmann et al., 2016) and tau positron emission tomography tracer
uptake (Ossenkoppele et al., 2016; Whitwell et al., 2018) are more
prominent in occipito-parietal regions in PCA phenotypes. In the case of
tAD, the presubiculum has been shown to have reciprocal connections
with medial temporal areas (e.g. the entorhinal cortex) (Ding, 2013),
potentially making it a similarly vulnerable site in tAD to disease spread
from the entorhinal cortex (Carlesimo et al., 2015). Differential patterns
of disease spread is an important emerging concept in neurodegenera-
tive disease (Warren et al., 2013) and disease progression modelling
techniques (Oxtoby et al., 2017), longitudinal analysis (Iglesias et al.,
2016), high resolution connectome imaging (Shi and Toga, 2017), as
well as detailed neuropathological study at post-mortem, may provide
alternative but complementary avenues to investigate how sequences of
disease processes differ or converge across the phenotypic spectrum.

This study has a number of strengths and weaknesses. Firstly, no
patients with the more common LOAD were considered in this analysis.
While patients with EOAD may not be representative of individuals

with LOAD (Dickerson et al., 2017; Joubert et al., 2016; Mendez, 2012),
the more variable presentation of EOAD (Rossor et al., 2010) provides
an opportunity to explore phenotypic variation. Patients with EOAD are
also less likely to have undergone pathological change related to other
processes such as ageing and cerebrovascular disease, both of which
have been shown to influence hippocampal subfield loss (Mueller and
Weiner, 2009; Wisse et al., 2014a, 2014b; Wu et al., 2008), thus re-
ducing the likelihood that such factors could confound analyses. We
used the Freesurfer version 6.0 hippocampal subfield segmentation al-
gorithm (Iglesias et al., 2015). This is based on a high-resolution post-
mortem template and addresses concerns regarding previous versions of
the software (Wisse et al., 2014a, 2014b). It is fully automated, elim-
inating inter-rater variability effects. Furthermore, it is publicly avail-
able, which increases scope for replication and comparison of findings
between studies. A limitation of the study is the spatial resolution
provided by 3T T1-weighted MRI. Although each segmentation was
visually checked for obvious errors, precise visualisation of the
boundaries that define the distinct hippocampal subfields is not pos-
sible at the resolution achievable within a reasonable scan time at this
field strength. In particular, results from small volume hippocampal
subfields (< 100mm3 – i.e. the HATA and parasubiculum) or particu-
larly thin regions (e.g. the molecular layer) may be more difficult to
resolve with T1-weighted contrast and could be particularly prone to
error. Studies acquiring T1- and T2-weighted images with higher re-
solution at 7T, investigating hippocampal subfields in Alzheimer's dis-
ease, are being undertaken (Blanken et al., 2017; Wisse et al., 2014a,
2014b); similar studies investigating the differences between PCA and
tAD patients using both manual and automated techniques will be
important to validate the findings of this study. Furthermore, correla-
tion with detailed neuropathological analysis at post-mortem will be of
significant interest. A further limitation of the study is the relatively
small sample size, which may limit the ability to identify more subtle
differences in some hippocampal subfields. This was particularly the
case when considering PCA where only 12 patients with adequate
imaging data were available for analysis. As highlighted earlier in the

Table 3
Percentage differences in hippocampal subfield volumes (left and right considered separately) between healthy controls, tAD early-onset Alzheimer's disease patients,
and PCA early-onset Alzheimer's disease patients estimated using linear regression models (co-variates= age, gender & TIV).

tAD vs HC PCA vs HC tAD vs PCA

Mean % differencea p-value Mean % differencea p-value Mean % differenceb p-value

CA1 L −15% <0.001** −2% 0.49 −12% 0.001**
R −13% <0.001** −6% 0.12 −8% 0.049*

CA2/3 L −15% <0.001** −3% 0.51 −12% 0.017*
R −19% <0.001** −10% 0.019* −10% 0.052

CA4 L −19% <0.001** −8% 0.041* −12% 0.004*
R −15% <0.001** −10% 0.004* −5% 0.17

Pre-subiculum L −16% <0.001** −16% 0.002** 0% 0.99
R −12% <0.001** −15% 0.003* +3% 0.59

Subiculum L −18% <0.001** −10% 0.019* −9% 0.045*
R −17% <0.001** −16% <0.001** −1% 0.77

Tail L −24% <0.001** −6% 0.26 −18% 0.002**
R −16% <0.001** −5% 0.21 −11% 0.017*

Para-subiculum L −13% 0.036 −13% 0.1 0% 0.99
R −11% 0.15 −7% 0.41 −3% 0.76

GCMLDG L −20% <0.001** −11% 0.007* −11% 0.017*
R −16% <0.001** −12% <0.001** −5% 0.26

Molecular layer L −18% <0.001** −9% 0.013* −10% 0.008*
R −17% <0.001** −12% <0.001** −5% 0.15

HATA L −22% <0.001** −10% 0.076 −13% 0.039*
R −22% <0.001** −21% <0.001** −2% 0.78

Total volume L −19% <0.001** −9% 0.01* −11% 0.002**
R −16% <0.001** −11% <0.001** −6% 0.089

Key: TIV= total intracranial volume; GCMLDG=Molecular and Granule Cell Layers of the Dentate Gyrus; HATA=Hippocampal Amygdala Transition Area;
PCA=posterior cortical atrophy; tAD= typical Alzheimer's disease; *p≤.05 – standard statistical threshold; **p≤0.0025 – Bonferroni corrected threshold;

a Expressed as percentage of mean unadjusted volume for relevant subfield in healthy control participants;
b Expressed as percentage of mean unadjusted volume for relevant subfield in PCA patients.

T.D. Parker et al. NeuroImage: Clinical xxx (xxxx) xxxx

7



discussion, whilst our findings of more atrophy in left CA1 and worse
performance on the RMT (words) in tAD compared to PCA provide
indirect evidence implicating left CA1 in the episodic memory impair-
ment that typifies tAD, future work using large enough sample sizes and
more comprehensive tests of episodic memory will be required to di-
rectly assess the relationships between hippocampal subfield volumes
and subcomponents of episodic memory thought to be sub served by
individual subfields.

5. Conclusion

In summary, these data provide evidence for differential associa-
tions between hippocampal subfield volumes and phenotype in EOAD,
highlighting areas where atrophy is seen in both tAD and PCA (e.g. the
presubiculum) and those where there is relatively sparing of hippo-
campal subfield volume loss (most notably in left CA1 and the left
hippocampal tail) in patients with PCA.

Declaration of interest

Catherine F. Slattery reports having received personal fees from GE
Healthcare. Nick C. fox reports personal fees from Janssen/Pfizer,
IXICO, Roche, Lilly Research Laboratories (Avid), Novartis Pharma AG,
Sanofi and GSK (all fees paid to University College London). Jonathan
M. Schott has received research funding from AVID
Radiopharmaceuticals (a wholly owned subsidiary of Eli Lilly), has
consulted for Roche, Eli Lilly, Biogen and MSD, received royalties from
Oxford University Press, given education lectures sponsored by Eli Lilly,
and serves on a Data Safety Monitoring Committee for Axon
Neuroscience SE. The remaining authors declared no conflicts of in-
terest.

Acknowledgments

The authors would like to thank all the patients and controls for
their participation. The Dementia Research Centre is supported by
Alzheimer's Research UK, Brain Research Trust, and the Wolfson
Foundation. This work was supported by the NIHR Queen Square
Dementia Biomedical Research Unit and the NIHR UCLH Biomedical
Research Centre. Sebastian J. Crutch is supported by grants from ESRC/
NIHR (ES/L001810/1), EPSRC (EP/M006093/1) and an Alzheimer's
Research UK Senior Research Fellowship. David M. Cash is supported
by grants from the Alzheimer's Society (AS-PG-15-025), Alzheimer's
Research UK (ARUK-PG2014-1946) and MRC (MR/M023664/1). Nick
C. Fox is a NIHR senior investigator. Thomas D. Parker is supported by a
Wellcome Trust Clinical Research Fellowship (200109/Z/15/Z). Ross
Paterson is an NIHR academic Clinical Lecturer. Jonathan M. Schott is
supported by EPSRC (EP/J020990/1), MRC (CSUB19166), ARUK
(ARUK-Network 2012-6-ICE; ARUK-PG2014-1946), and European
Union's Horizon 2020 research and innovation programme (grant
666992). David L. Thomas is supported by the UCL Leonard Wolfson
Experimental Neurology Centre (PR/ylr/18575).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.101632.

References

Aggleton, J.P., Pralus, A., Nelson, A.J.D., Hornberger, M., 2016. Thalamic pathology and
memory loss in early Alzheimer's disease: moving the focus from the medial temporal
lobe to Papez circuit. Brain 139, 1877–1890. https://doi.org/10.1093/brain/
aww083.

Akram, A., Christoffel, D., Rocher, A.B., Bouras, C., Kövari, E., Perl, D.P., Morrison, J.H.,
Herrmann, F.R., Haroutunian, V., Giannakopoulos, P., Hof, P.R., 2008. Stereologic
estimates of total spinophilin-immunoreactive spine number in area 9 and the CA1

field: relationship with the progression of Alzheimer's disease. Neurobiol. Aging 29,
1296–1307. https://doi.org/10.1016/j.neurobiolaging.2007.03.007.

Alves, J., Soares, J.M., Sampaio, A., Gonçalves, Ó.F., 2013. Posterior cortical atrophy and
Alzheimer's disease: a meta-analytic review of neuropsychological and brain mor-
phometry studies. Brain Imaging Behav. https://doi.org/10.1007/s11682-013-
9236-1.

Apostolova, L.G., Dutton, R.A., Dinov, I.D., Hayashi, K.M., Toga, A.W., Cummings, J.L.,
Thompson, P.M., 2006. Conversion of mild cognitive impairment to Alzheimer dis-
ease predicted by hippocampal atrophy maps. Arch. Neurol. 63, 693. https://doi.org/
10.1001/archneur.63.5.693.

Apostolova, L.G., Mosconi, L., Thompson, P.M., Green, A.E., Hwang, K.S., Ramirez, A.,
Mistur, R., Tsui, W.H., de Leon, M.J., 2010. Subregional hippocampal atrophy pre-
dicts Alzheimer's dementia in the cognitively normal. Neurobiol. Aging 31,
1077–1088. https://doi.org/10.1016/j.neurobiolaging.2008.08.008.

Barnes, J., Scahill, R.I., Schott, J.M., Frost, C., Rossor, M.N., Fox, N.C., 2005. Does
Alzheimer's disease affect hippocampal asymmetry? Evidence from a cross-sectional
and longitudinal volumetric MRI study. Dement. Geriatr. Cogn. Disord. 19, 338–344.
https://doi.org/10.1159/000084560.

Bartsch, T., Schonfeld, R., Muller, F.J., Alfke, K., Leplow, B., Aldenhoff, J., Deuschl, G.,
Koch, J.M., 2010. Focal lesions of human hippocampal CA1 neurons in transient
global amnesia impair place memory. Science 328, 1412–1415. https://doi.org/10.
1126/science.1188160. (80-).

Bartsch, T., Döhring, J., Rohr, A., Jansen, O., Deuschl, G., 2011. CA1 neurons in the
human hippocampus are critical for autobiographical memory, mental time travel,
and autonoetic consciousness. Proc. Natl. Acad. Sci. U. S. A. 108, 17562–17567.
https://doi.org/10.1073/pnas.1110266108.

Baxter, D.M., Warrington, E.K., 1994. Measuring dysgraphia: a graded-difficulty spelling
test. Behav. Neurol. 7, 107–116. https://doi.org/10.3233/BEN-1994-73-401.

Beck, J., Pittman, A., Adamson, G., Campbell, T., Kenny, J., Houlden, H., Rohrer, J.D., de
Silva, R., Shoai, M., Uphill, J., Poulter, M., Hardy, J., Mummery, C.J., Warren, J.D.,
Schott, J.M., Fox, N.C., Rossor, M.N., Collinge, J., Mead, S., 2014. Validation of next-
generation sequencing technologies in genetic diagnosis of dementia. Neurobiol.
Aging 35, 261–265. https://doi.org/10.1016/j.neurobiolaging.2013.07.017.

Bird, M., Luszcz, M., 1991. Encoding specificity, depth of processing, and cued recall in
Alzheimer's disease. J. Clin. Exp. Neuropsychol. 13, 508–520. https://doi.org/10.
1080/01688639108401067.

Blanken, A.E., Hurtz, S., Zarow, C., Biado, K., Honarpisheh, H., Somme, J., Brook, J.,
Tung, S., Kraft, E., Lo, D., Ng, D.W., Vinters, H.V., Apostolova, L.G., 2017.
Associations between hippocampal morphometry and neuropathologic markers of
Alzheimer's disease using 7 T MRI. NeuroImage Clin. 15, 56–61. https://doi.org/10.
1016/j.nicl.2017.04.020.

Bobinski, M., de Leon, M.J., Wegiel, J., Desanti, S., Convit, A., Saint Louis, L.A., Rusinek,
H., Wisniewski, H.M., 2000. The histological validation of post mortem magnetic
resonance imaging-determined hippocampal volume in Alzheimer's disease.
Neuroscience 95, 721–725.

Braak, H., Braak, E., 1991. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. 82, 239–259. https://doi.org/10.1007/BF00308809.

Carlesimo, G.A., Piras, F., Orfei, M.D., Iorio, M., Caltagirone, C., Spalletta, G., 2015.
Atrophy of presubiculum and subiculum is the earliest hippocampal anatomical
marker of Alzheimer's disease. Alzheimer's Dement. Amsterdam, Netherlands 1,
24–32. https://doi.org/10.1016/j.dadm.2014.12.001.

Cavada, C., Goldman-Rakic, P.S., 1989. Posterior parietal cortex in rhesus monkey: I.
Parcellation of areas based on distinctive limbic and sensory corticocortical con-
nections. J. Comp. Neurol. 287, 393–421. https://doi.org/10.1002/cne.902870402.

Crutch, S.J., Lehmann, M., Schott, J.M., Gil, D., 2012. Posterior cortical atrophy. Lancet
Neurol. 11, 170–178. https://doi.org/10.1016/S1474-4422(11)70289-7.Posterior.

Crutch, S.J., Schott, J.M., Rabinovici, G.D., Murray, M., Snowden, J.S., van der Flier,
W.M., Dickerson, B.C., Vandenberghe, R., Ahmed, S., Bak, T.H., Boeve, B.F., Butler,
C., Cappa, S.F., Ceccaldi, M., de Souza, L.C., Dubois, B., Felician, O., Galasko, D.,
Graff-Radford, J., Graff-Radford, N.R., Hof, P.R., Krolak-Salmon, P., Lehmann, M.,
Magnin, E., Mendez, M.F., Nestor, P.J., Onyike, C.U., Pelak, V.S., Pijnenburg, Y.,
Primativo, S., Rossor, M.N., Ryan, N.S., Scheltens, P., Shakespeare, T.J., Suárez
González, A., Tang-Wai, D.F., Yong, K.X.X., Carrillo, M., Fox, N.C., Alzheimer's
Association ISTAART Atypical Alzheimer's Disease and Associated Syndromes
Professional Interest Area, 2017. Consensus classification of posterior cortical
atrophy. Alzheimer's Dement 13, 870–884. https://doi.org/10.1016/j.jalz.2017.01.
014.

Dickerson, B.C., Eichenbaum, H., 2010. The episodic memory system: neurocircuitry and
disorders. Neuropsychopharmacology 35, 86–104. https://doi.org/10.1038/npp.
2009.126.

Dickerson, B.C., Brickhouse, M., McGinnis, S., Wolk, D.A., 2017. Alzheimer's disease: the
influence of age on clinical heterogeneity through the human brain connectome.
Alzheimer's Dement. Diagnosis, Assess. Dis. Monit. https://doi.org/10.1016/j.dadm.
2016.12.007.

Dimsdale-Zucker, H.R., Ritchey, M., Ekstrom, A.D., Yonelinas, A.P., Ranganath, C., 2018.
CA1 and CA3 differentially support spontaneous retrieval of episodic contexts within
human hippocampal subfields. Nat. Commun. 9, 294. https://doi.org/10.1038/
s41467-017-02752-1.

Ding, S.-L., 2013. Comparative anatomy of the prosubiculum, subiculum, presubiculum,
postsubiculum, and parasubiculum in human, monkey, and rodent. J. Comp. Neurol.
521, 4145–4162. https://doi.org/10.1002/cne.23416.

Ding, S.L., Van Hoesen, G., Rockland, K.S., 2000. Inferior parietal lobule projections to
the presubiculum and neighboring ventromedial temporal cortical areas. J. Comp.
Neurol. 425, 510–530.

Dubois, B., Feldman, H.H., Jacova, C., Hampel, H., Molinuevo, J.L., Blennow, K.,
Dekosky, S.T., Gauthier, S., Selkoe, D., Bateman, R., Cappa, S., Crutch, S.,

T.D. Parker et al. NeuroImage: Clinical xxx (xxxx) xxxx

8

https://doi.org/10.1016/j.nicl.2018.101632
https://doi.org/10.1016/j.nicl.2018.101632
https://doi.org/10.1093/brain/aww083
https://doi.org/10.1093/brain/aww083
https://doi.org/10.1016/j.neurobiolaging.2007.03.007
https://doi.org/10.1007/s11682-013-9236-1
https://doi.org/10.1007/s11682-013-9236-1
https://doi.org/10.1001/archneur.63.5.693
https://doi.org/10.1001/archneur.63.5.693
https://doi.org/10.1016/j.neurobiolaging.2008.08.008
https://doi.org/10.1159/000084560
https://doi.org/10.1126/science.1188160
https://doi.org/10.1126/science.1188160
https://doi.org/10.1073/pnas.1110266108
https://doi.org/10.3233/BEN-1994-73-401
https://doi.org/10.1016/j.neurobiolaging.2013.07.017
https://doi.org/10.1080/01688639108401067
https://doi.org/10.1080/01688639108401067
https://doi.org/10.1016/j.nicl.2017.04.020
https://doi.org/10.1016/j.nicl.2017.04.020
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0065
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0065
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0065
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0065
https://doi.org/10.1007/BF00308809
https://doi.org/10.1016/j.dadm.2014.12.001
https://doi.org/10.1002/cne.902870402
https://doi.org/10.1016/S1474-4422(11)70289-7.Posterior
https://doi.org/10.1016/j.jalz.2017.01.014
https://doi.org/10.1016/j.jalz.2017.01.014
https://doi.org/10.1038/npp.2009.126
https://doi.org/10.1038/npp.2009.126
https://doi.org/10.1016/j.dadm.2016.12.007
https://doi.org/10.1016/j.dadm.2016.12.007
https://doi.org/10.1038/s41467-017-02752-1
https://doi.org/10.1038/s41467-017-02752-1
https://doi.org/10.1002/cne.23416
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0115
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0115
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0115


Engelborghs, S., Frisoni, G.B., Fox, N.C., Galasko, D., Habert, M.O., Jicha, G.a.,
Nordberg, A., Pasquier, F., Rabinovici, G., Robert, P., Rowe, C., Salloway, S., Sarazin,
M., Epelbaum, S., de Souza, L.C., Vellas, B., Visser, P.J., Schneider, L., Stern, Y.,
Scheltens, P., Cummings, J.L., 2014. Advancing research diagnostic criteria for
Alzheimer's disease: the IWG-2 criteria. Lancet Neurol. 13, 614–629. https://doi.org/
10.1016/S1474-4422(14)70090-0.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. Mini-mental state. J. Psychiatr. Res. 12,
189–198. https://doi.org/10.1016/0022-3956(75)90026-6.

Harvey, R.J., Skelton-Robinson, M., Rossor, M.N., 2003. The prevalence and causes of
dementia in people under the age of 65 years. J. Neurol. Neurosurg. Psychiatry 74,
1206–1209.

Helboe, L., Egebjerg, J., Barkholt, P., Volbracht, C., 2017. Early depletion of CA1 neurons
and late neurodegeneration in a mouse tauopathy model. Brain Res. 1665, 22–35.
https://doi.org/10.1016/j.brainres.2017.04.002.

Iglesias, J.E., Augustinack, J.C., Nguyen, K., Player, C.M., Player, A., Wright, M., Roy, N.,
Frosch, M.P., McKee, A.C., Wald, L.L., Fischl, B., Van Leemput, K., Alzheimer's
Disease Neuroimaging Initiative, for the A.D.N, 2015. A computational atlas of the
hippocampal formation using ex vivo, ultra-high resolution MRI: application to
adaptive segmentation of in vivo MRI. NeuroImage 115, 117–137. https://doi.org/
10.1016/j.neuroimage.2015.04.042.

Iglesias, J.E., Van Leemput, K., Augustinack, J., Insausti, R., Fischl, B., Reuter, M.,
Alzheimer's Disease Neuroimaging Initiative, 2016. Bayesian longitudinal segmen-
tation of hippocampal substructures in brain MRI using subject-specific atlases.
NeuroImage 141, 542–555. https://doi.org/10.1016/j.neuroimage.2016.07.020.

Insausti, R., Muñoz-López, M., Insausti, A.M., Artacho-Pérula, E., 2017. The human
periallocortex: layer pattern in presubiculum, parasubiculum and entorhinal cortex.
A review. Front. Neuroanat. 11, 84. https://doi.org/10.3389/fnana.2017.00084.

Jack, C.R., Petersen, R.C., O'Brien, P.C., Tangalos, E.G., 1992. MR-based hippocampal
volumetry in the diagnosis of Alzheimer's disease. Neurology 42, 183–188.

Jack, C.R., Petersen, R.C., Xu, Y., O'Brien, P.C., Smith, G.E., Ivnik, R.J., Boeve, B.F.,
Tangalos, E.G., Kokmen, E., Kokmen, E., 2000. Rates of hippocampal atrophy cor-
relate with change in clinical status in aging and AD. Neurology 55, 484–489.

Jack, C.R., Dickson, D.W., Parisi, J.E., Xu, Y.C., Cha, R.H., O'Brien, P.C., Edland, S.D.,
Smith, G.E., Boeve, B.F., Tangalos, E.G., Kokmen, E., Petersen, R.C., Petersen, R.C.,
2002. Antemortem MRI findings correlate with hippocampal neuropathology in ty-
pical aging and dementia. Neurology 58, 750–757.

Jackson, M., Warrington, E.K., 1986. Arithmetic skills in patients with unilateral cerebral
lesions. Cortex 22, 611–620.

Joubert, S., Gour, N., Guedj, E., Didic, M., Guériot, C., Koric, L., Ranjeva, J.P., Felician, O.,
Guye, M., Ceccaldi, M., 2016. Early-onset and late-onset Alzheimer's disease are as-
sociated with distinct patterns of memory impairment. Cortex. https://doi.org/10.
1016/j.cortex.2015.10.014.

Kerchner, G.A., Berdnik, D., Shen, J.C., Bernstein, J.D., Fenesy, M.C., Deutsch, G.K., Wyss-
Coray, T., Rutt, B.K., 2014. APOE 4 worsens hippocampal CA1 apical neuropil
atrophy and episodic memory. Neurology 82, 691–697. https://doi.org/10.1212/
WNL.0000000000000154.

Kesslak, J.P., Nalcioglu, O., Cotman, C.W., 1991. Quantification of magnetic resonance
scans for hippocampal and parahippocampal atrophy in Alzheimer's disease.
Neurology 41, 51–54.

La Joie, R., Perrotin, A., De La Sayette, V., Egret, S., Doeuvre, L., Belliard, S., Eustache, F.,
Desgranges, B., Chételat, G., 2013. Hippocampal subfield volumetry in mild cognitive
impairment, Alzheimer's disease and semantic dementia. NeuroImage Clin. 3,
155–162. https://doi.org/10.1016/j.nicl.2013.08.007.

Lace, G., Savva, G.M., Forster, G., de Silva, R., Brayne, C., Matthews, F.E., Barclay, J.J.,
Dakin, L., Ince, P.G., Wharton, S.B., MRC-CFAS, 2009. Hippocampal tau pathology is
related to neuroanatomical connections: an ageing population-based study. Brain
132, 1324–1334. https://doi.org/10.1093/brain/awp059.

Lehmann, M., Crutch, S.J., Ridgway, G.R., Ridha, B.H., Barnes, J., Warrington, E.K.,
Rossor, M.N., Fox, N.C., 2011. Cortical thickness and voxel-based morphometry in
posterior cortical atrophy and typical Alzheimer's disease. Neurobiol. Aging 32,
1466–1476. https://doi.org/10.1016/j.neurobiolaging.2009.08.017.

Lehmann, M., Ghosh, P.M., Madison, C., Laforce, R., Corbetta-Rastelli, C., Weiner, M.W.,
Greicius, M.D., Seeley, W.W., Gorno-Tempini, M.L., Rosen, H.J., Miller, B.L., Jagust,
W.J., Rabinovici, G.D., 2013. Diverging patterns of amyloid deposition and hypo-
metabolism in clinical variants of probable Alzheimer's disease. Brain 136, 844–858.
https://doi.org/10.1093/brain/aws327.

Lehmann, M., Melbourne, A., Dickson, J.C., Ahmed, R.M., Modat, M., Cardoso, M.J.,
Thomas, D.L., De Vita, E., Crutch, S.J., Warren, J.D., Mahoney, C.J., Bomanji, J.,
Hutton, B.F., Fox, N.C., Golay, X., Ourselin, S., Schott, J.M., 2016. A novel use of
arterial spin labelling MRI to demonstrate focal hypoperfusion in individuals with
posterior cortical atrophy: a multimodal imaging study. J. Neurol. Neurosurg.
Psychiatry 87, 1032–1034. https://doi.org/10.1136/jnnp-2015-312782.

Liang, Y., Pertzov, Y., Nicholas, J.M., Henley, S.M.D., Crutch, S., Woodward, F., Leung, K.,
Fox, N.C., Husain, M., 2016. Visual short-term memory binding deficit in familial
Alzheimer's disease. Cortex 78, 150–164. https://doi.org/10.1016/j.cortex.2016.01.
015.

Mak, E., Gabel, S., Su, L., Williams, G.B., Arnold, R., Passamonti, L., Vazquez Rodríguez,
P., Surendranathan, A., Bevan-Jones, W.R., Rowe, J.B., O'Brien, J.T., 2017. Multi-
modal MRI investigation of volumetric and microstructural changes in the hippo-
campus and its subfields in mild cognitive impairment, Alzheimer's disease, and
dementia with Lewy bodies. Int. Psychogeriatr. 29, 545–555. https://doi.org/10.
1017/S1041610216002143.

Malone, I.B., Leung, K.K., Clegg, S., Barnes, J., Whitwell, J.L., Ashburner, J., Fox, N.C.,
Ridgway, G.R., 2015. Accurate automatic estimation of total intracranial volume: a
nuisance variable with less nuisance. NeuroImage 104, 366–372. https://doi.org/10.
1016/j.neuroimage.2014.09.034.

Manning, E.N., Macdonald, K.E., Leung, K.K., Young, J., Pepple, T., Lehmann, M.,
Zuluaga, M.A., Cardoso, M.J., Schott, J.M., Ourselin, S., Crutch, S., Fox, N.C., Barnes,
J., 2015. Differential hippocampal shapes in posterior cortical atrophy patients: a
comparison with control and typical AD subjects. Hum. Brain Mapp. 36, 5123–5136.
https://doi.org/10.1002/hbm.22999.

McKhann, G.M., Knopman, D.S., Chertkow, H., Hyman, B.T., Jack, C.R., Kawas, C.H.,
Klunk, W.E., Koroshetz, W.J., Manly, J.J., Mayeux, R., Mohs, R.C., Morris, J.C.,
Rossor, M.N., Scheltens, P., Carrillo, M.C., Thies, B., Weintraub, S., Phelps, C.H.,
2011. The diagnosis of dementia due to Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimer's Dement 7, 263–269. https://doi.org/
10.1016/j.jalz.2011.03.005.

Mendez, M.F., 2012. Early-onset Alzheimer's disease: nonamnestic subtypes and type 2
AD. Arch. Med. Res. https://doi.org/10.1016/j.arcmed.2012.11.009.

Moroney, J.T., Bagiella, E., Desmond, D.W., Hachinski, V.C., Mölsä, P.K., Gustafson, L.,
Brun, A., Fischer, P., Erkinjuntti, T., Rosen, W., Paik, M.C., Tatemichi, T.K., 1997.
Meta-analysis of the Hachinski ischemic score in pathologically verified dementias.
Neurology. https://doi.org/10.1212/WNL.49.4.1096.

Mueller, S.G., Weiner, M.W., 2009. Selective effect of age, Apo e4, and Alzheimer's dis-
ease on hippocampal subfields. Hippocampus 19, 558–564. https://doi.org/10.1002/
hipo.20614.

Mueller, S.G., Schuff, N., Yaffe, K., Madison, C., Miller, B., Weiner, M.W., 2010.
Hippocampal atrophy patterns in mild cognitive impairment and Alzheimer's disease.
Hum. Brain Mapp. 31, 1339–1347. https://doi.org/10.1002/hbm.20934.

Nelson, H., 1982. National Adult Reading Test. Windsor. NFER-Nelson.
Ossenkoppele, R., Schonhaut, D.R., Schöll, M., Lockhart, S.N., Ayakta, N., Baker, S.L.,

O'Neil, J.P., Janabi, M., Lazaris, A., Cantwell, A., Vogel, J., Santos, M., Miller, Z.A.,
Bettcher, B.M., Vossel, K.A., Kramer, J.H., Gorno-Tempini, M.L., Miller, B.L., Jagust,
W.J., Rabinovici, G.D., 2016. Tau PET patterns mirror clinical and neuroanatomical
variability in Alzheimer's disease. Brain 139, 1551–1567. https://doi.org/10.1093/
brain/aww027.

Oxtoby, N.P., Garbarino, S., Firth, N.C., Warren, J.D., Schott, J.M., Alexander, D.C.,
Alzheimer's Disease Neuroimaging Initiative, F. the A.D.N, 2017. Data-driven se-
quence of changes to anatomical brain connectivity in sporadic Alzheimer's disease.
Front. Neurol. 8, 580. https://doi.org/10.3389/fneur.2017.00580.

Parker, T.D., Slattery, C.F., Zhang, J., Nicholas, J.M., Paterson, R.W., Foulkes, A.J.M.,
Malone, I.B., Thomas, D.L., Modat, M., Cash, D.M., Crutch, S.J., Alexander, D.C.,
Ourselin, S., Fox, N.C., Zhang, H., Schott, J.M., 2018. Cortical microstructure in
young onset Alzheimer's disease using neurite orientation dispersion and density
imaging. Hum. Brain Mapp. https://doi.org/10.1002/hbm.24056.

Peng, G., Wang, J., Feng, Z., Liu, P., Zhang, Y., He, F., Chen, Z., Zhao, K., Luo, B., 2016.
Clinical and neuroimaging differences between posterior cortical atrophy and typical
amnestic Alzheimer's disease patients at an early disease stage. Sci. Rep. 6, 29372.
https://doi.org/10.1038/srep29372.

Pini, L., Pievani, M., Bocchetta, M., Altomare, D., Bosco, P., Cavedo, E., Galluzzi, S.,
Marizzoni, M., Frisoni, G.B., 2016. Brain atrophy in Alzheimer's disease and aging.
Ageing Res. Rev. 30, 25–48. https://doi.org/10.1016/j.arr.2016.01.002.

Poulakis, K., Pereira, J.B., Mecocci, P., Vellas, B., Tsolaki, M., Kłoszewska, I., Soininen, H.,
Lovestone, S., Simmons, A., Wahlund, L.-O., Westman, E., 2018. Heterogeneous
patterns of brain atrophy in Alzheimer's disease. Neurobiol. Aging 65, 98–108.
https://doi.org/10.1016/j.neurobiolaging.2018.01.009.

Price, J.L., Ko, A.I., Wade, M.J., Tsou, S.K., McKeel, D.W., Morris, J.C., 2001. Neuron
number in the entorhinal cortex and CA1 in preclinical Alzheimer disease. Arch.
Neurol. 58, 1395–1402.

Ridgway, G.R., Lehmann, M., Barnes, J., Rohrer, J.D., Warren, J.D., Crutch, S.J., Fox,
N.C., 2012. Early-onset Alzheimer disease clinical variants: multivariate analyses of
cortical thickness. Neurology 79, 80–84. https://doi.org/10.1212/WNL.
0b013e31825dce28.

Rössler, M., Zarski, R., Bohl, J., Ohm, T.G., 2002. Stage-dependent and sector-specific
neuronal loss in hippocampus during Alzheimer's disease. Acta Neuropathol. 103,
363–369. https://doi.org/10.1007/s00401-001-0475-7.

Rossor, M.N., Fox, N.C., Mummery, C.J., Schott, J.M., Warren, J.D., 2010. The diagnosis
of young-onset dementia. Lancet Neurol. 9, 793–806. https://doi.org/10.1016/
S1474-4422(10)70159-9.

Ryan, N.S., Nicholas, J.M., Weston, P.S.J., Liang, Y., Lashley, T., Guerreiro, R., Adamson,
G., Kenny, J., Beck, J., Chavez-Gutierrez, L., de Strooper, B., Revesz, T., Holton, J.,
Mead, S., Rossor, M.N., Fox, N.C., 2016. Clinical phenotype and genetic associations
in autosomal dominant familial Alzheimer's disease: a case series. Lancet Neurol. 15,
1326–1335. https://doi.org/10.1016/S1474-4422(16)30193-4.

Scheff, S.W., Price, D.A., Schmitt, F.A., DeKosky, S.T., Mufson, E.J., 2007. Synaptic al-
terations in CA1 in mild Alzheimer disease and mild cognitive impairment.
Neurology 68, 1501–1508. https://doi.org/10.1212/01.wnl.0000260698.46517.8f.

Scheltens, P., Leys, D., Barkhof, F., Huglo, D., Weinstein, H.C., Vermersch, P., Kuiper, M.,
Steinling, M., Wolters, E.C., Valk, J., 1992. Atrophy of medial temporal lobes on MRI
in &quot;probable&quot; Alzheimer's disease and normal ageing: diagnostic value
and neuropsychological correlates. J. Neurol. Neurosurg. Psychiatry 55, 967–972.

Seab, J.P., Jagust, W.J., Wong, S.T., Roos, M.S., Reed, B.R., Budinger, T.F., 1988.
Quantitative NMR measurements of hippocampal atrophy in Alzheimer's disease.
Magn. Reson. Med. 8, 200–208.

Seltzer, B., Pandya, D.N., 1984. Further observations on parieto-temporal connections in
the rhesus monkey. Exp. Brain Res. 55, 301–312.

Seltzer, B., Van Hoesen, G.W., 1979. A direct inferior parietal lobule projection to the
presubiculum in the rhesus monkey. Brain Res. 179, 157–161.

Shi, Y., Toga, A.W., 2017. Connectome imaging for mapping human brain pathways. Mol.
Psychiatry 22, 1230–1240. https://doi.org/10.1038/mp.2017.92.

Shi, F., Liu, B., Zhou, Y., Yu, C., Jiang, T., 2009. Hippocampal volume and asymmetry in

T.D. Parker et al. NeuroImage: Clinical xxx (xxxx) xxxx

9

https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1016/0022-3956(75)90026-6
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0130
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0130
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0130
https://doi.org/10.1016/j.brainres.2017.04.002
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1016/j.neuroimage.2016.07.020
https://doi.org/10.3389/fnana.2017.00084
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0155
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0155
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0160
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0160
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0160
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0165
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0165
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0165
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0165
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0170
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0170
https://doi.org/10.1016/j.cortex.2015.10.014
https://doi.org/10.1016/j.cortex.2015.10.014
https://doi.org/10.1212/WNL.0000000000000154
https://doi.org/10.1212/WNL.0000000000000154
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0185
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0185
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0185
https://doi.org/10.1016/j.nicl.2013.08.007
https://doi.org/10.1093/brain/awp059
https://doi.org/10.1016/j.neurobiolaging.2009.08.017
https://doi.org/10.1093/brain/aws327
https://doi.org/10.1136/jnnp-2015-312782
https://doi.org/10.1016/j.cortex.2016.01.015
https://doi.org/10.1016/j.cortex.2016.01.015
https://doi.org/10.1017/S1041610216002143
https://doi.org/10.1017/S1041610216002143
https://doi.org/10.1016/j.neuroimage.2014.09.034
https://doi.org/10.1016/j.neuroimage.2014.09.034
https://doi.org/10.1002/hbm.22999
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.arcmed.2012.11.009
https://doi.org/10.1212/WNL.49.4.1096
https://doi.org/10.1002/hipo.20614
https://doi.org/10.1002/hipo.20614
https://doi.org/10.1002/hbm.20934
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0260
https://doi.org/10.1093/brain/aww027
https://doi.org/10.1093/brain/aww027
https://doi.org/10.3389/fneur.2017.00580
https://doi.org/10.1002/hbm.24056
https://doi.org/10.1038/srep29372
https://doi.org/10.1016/j.arr.2016.01.002
https://doi.org/10.1016/j.neurobiolaging.2018.01.009
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0295
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0295
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0295
https://doi.org/10.1212/WNL.0b013e31825dce28
https://doi.org/10.1212/WNL.0b013e31825dce28
https://doi.org/10.1007/s00401-001-0475-7
https://doi.org/10.1016/S1474-4422(10)70159-9
https://doi.org/10.1016/S1474-4422(10)70159-9
https://doi.org/10.1016/S1474-4422(16)30193-4
https://doi.org/10.1212/01.wnl.0000260698.46517.8f
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0325
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0325
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0325
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0325
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0330
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0330
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0330
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0335
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0335
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0340
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0340
https://doi.org/10.1038/mp.2017.92


mild cognitive impairment and Alzheimer's disease: meta-analyses of MRI studies.
Hippocampus 19, 1055–1064. https://doi.org/10.1002/hipo.20573.

Slattery, C.F., Zhang, J., Paterson, R.W., Foulkes, A.J.M., Carton, A., Macpherson, K.,
Mancini, L., Thomas, D.L., Modat, M., Toussaint, N., Cash, D.M., Thornton, J.S.,
Henley, S.M.D., Crutch, S.J., Alexander, D.C., Ourselin, S., Fox, N.C., Zhang, H.,
Schott, J.M., 2017. ApoE influences regional white-matter axonal density loss in
Alzheimer's disease. Neurobiol. Aging 57, 8–17. https://doi.org/10.1016/j.
neurobiolaging.2017.04.021.

Small, S.A., Schobel, S.A., Buxton, R.B., Witter, M.P., Barnes, C.A., 2011. A pathophy-
siological framework of hippocampal dysfunction in ageing and disease. Nat. Rev.
Neurosci. 12, 585–601. https://doi.org/10.1038/nrn3085.

Tang-Wai, D.F., Graff-Radford, N.R., Boeve, B.F., Dickson, D.W., Parisi, J.E., Crook, R.,
Caselli, R.J., Knopman, D.S., Petersen, R.C., 2004. Clinical, genetic, and neuro-
pathologic characteristics of posterior cortical atrophy. Neurology 63, 1168–1174.

Vogt, B.A., Miller, M.W., 1983. Cortical connections between rat cingulate cortex and
visual, motor, and postsubicular cortices. J. Comp. Neurol. 216, 192–210. https://
doi.org/10.1002/cne.902160207.

Wachinger, C., Salat, D.H., Weiner, M., Reuter, M., 2016. Whole-brain analysis reveals
increased neuroanatomical asymmetries in dementia for hippocampus and amygdala.
Brain. https://doi.org/10.1093/brain/aww243.

Warren, J.D., Rohrer, J.D., Schott, J.M., Fox, N.C., Hardy, J., Rossor, M.N., 2013.
Molecular nexopathies: a new paradigm of neurodegenerative disease. Trends
Neurosci. 36, 561–569. https://doi.org/10.1016/j.tins.2013.06.007.

Warrington, E.K., 1984. Manual for the Recognition Memory Test for Words and Faces.
Warrington, E.K., James, M., 1991. The Visual Object and Space Perception Battery.

Thames Valley Test Company, UK, Bury St Edmunds.
Wechsler, D., 1987. Wechsler Memory Scale – Revised Edition.
Wechsler, D., 1999. The Wechsler Abbreviated Scale of Intelligence.
West, M.J., Coleman, P.D., Flood, D.G., Troncoso, J.C., 1994. Differences in the pattern of

hippocampal neuronal loss in normal ageing and Alzheimer's disease. Lancet
(London, England) 344, 769–772.

Weston, P.S.J., Paterson, R.W., Modat, M., Burgos, N., Cardoso, M.J., Magdalinou, N.,
Lehmann, M., Dickson, J.C., Barnes, A., Bomanji, J.B., Kayani, I., Cash, D.M.,
Ourselin, S., Toombs, J., Lunn, M.P., Mummery, C.J., Warren, J.D., Rossor, M.N., Fox,

N.C., Zetterberg, H., Schott, J.M., 2015. Using florbetapir positron emission tomo-
graphy to explore cerebrospinal fluid cut points and gray zones in small sample sizes.
Alzheimer's Dement 1, 440–446. https://doi.org/10.1016/j.dadm.2015.10.001.
(Amsterdam, Netherlands).

Whitwell, J.L., Jack, C.R., Kantarci, K., Weigand, S.D., Boeve, B.F., Knopman, D.S.,
Drubach, D.A., Tang-Wai, D.F., Petersen, R.C., Josephs, K.A., 2007. Imaging corre-
lates of posterior cortical atrophy. Neurobiol. Aging 28, 1051–1061. https://doi.org/
10.1016/j.neurobiolaging.2006.05.026.

Whitwell, J.L., Graff-Radford, J., Tosakulwong, N., Weigand, S.D., Machulda, M.M.,
Senjem, M.L., Spychalla, A.J., Vemuri, P., Jones, D.T., Drubach, D.A., Knopman, D.S.,
Boeve, B.F., Ertekin-Taner, N., Petersen, R.C., Lowe, V.J., Jack, C.R., Josephs, K.A.,
2018. Imaging correlations of tau, amyloid, metabolism, and atrophy in typical and
atypical Alzheimer’s disease. Alzheimer's Dement. https://doi.org/10.1016/j.jalz.
2018.02.020.

Willison, J.R., Warrington, E.K., 1992. Cognitive retardation in a patient with preserva-
tion of psychomotor speed. Behav. Neurol. 5, 113–116. https://doi.org/10.3233/
BEN-1992-5207.

Wisse, L.E.M., Biessels, G.J., Geerlings, M.I., 2014a. A critical appraisal of the hippo-
campal subfield segmentation package in FreeSurfer. Front. Aging Neurosci. 6, 261.
https://doi.org/10.3389/fnagi.2014.00261.

Wisse, L.E.M., Biessels, G.J., Heringa, S.M., Kuijf, H.J., Koek, D.L., Luijten, P.R., Geerlings,
M.I., 2014b. Hippocampal subfield volumes at 7T in early Alzheimer's disease and
normal aging. Neurobiol. Aging. https://doi.org/10.1016/j.neurobiolaging.2014.02.
021.

Wu, W., Brickman, A.M., Luchsinger, J., Ferrazzano, P., Pichiule, P., Yoshita, M., Brown,
T., DeCarli, C., Barnes, C.A., Mayeux, R., Vannucci, S.J., Small, S.A., 2008. The brain
in the age of old: the hippocampal formation is targeted differentially by diseases of
late life. Ann. Neurol. 64, 698–706. https://doi.org/10.1002/ana.21557.

Yang, X., Yao, C., Tian, T., Li, X., Yan, H., Wu, J., Li, H., Pei, L., Liu, D., Tian, Q., Zhu, L.-
Q., Lu, Y., 2018. Synaptic mechanism in Alzheimer's disease: a selective degeneration
of an excitatory synaptic pathway in the CA1 hippocampus that controls spatial
learning and memory in Alzheimer's disease. Mol. Psychiatry 23, 167. https://doi.
org/10.1038/mp.2018.1.

T.D. Parker et al. NeuroImage: Clinical xxx (xxxx) xxxx

10

https://doi.org/10.1002/hipo.20573
https://doi.org/10.1016/j.neurobiolaging.2017.04.021
https://doi.org/10.1016/j.neurobiolaging.2017.04.021
https://doi.org/10.1038/nrn3085
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0365
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0365
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0365
https://doi.org/10.1002/cne.902160207
https://doi.org/10.1002/cne.902160207
https://doi.org/10.1093/brain/aww243
https://doi.org/10.1016/j.tins.2013.06.007
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0385
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0390
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0390
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0395
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0400
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0405
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0405
http://refhub.elsevier.com/S2213-1582(18)30380-2/rf0405
https://doi.org/10.1016/j.dadm.2015.10.001
https://doi.org/10.1016/j.dadm.2015.10.001
https://doi.org/10.1016/j.neurobiolaging.2006.05.026
https://doi.org/10.1016/j.neurobiolaging.2006.05.026
https://doi.org/10.1016/j.jalz.2018.02.020
https://doi.org/10.1016/j.jalz.2018.02.020
https://doi.org/10.3233/BEN-1992-5207
https://doi.org/10.3233/BEN-1992-5207
https://doi.org/10.3389/fnagi.2014.00261
https://doi.org/10.1016/j.neurobiolaging.2014.02.021
https://doi.org/10.1016/j.neurobiolaging.2014.02.021
https://doi.org/10.1002/ana.21557
https://doi.org/10.1038/mp.2018.1
https://doi.org/10.1038/mp.2018.1

	Differences in hippocampal subfield volume are seen in phenotypic variants of early onset Alzheimer's disease
	Introduction
	Methods
	Participants
	APOE genotyping

	Image acquisition
	Hippocampal subfield volume estimation
	Exclusions
	Statistical analysis

	Results
	Participant demographic, clinical and neuropsychological data
	Association between hippocampal subfield volumes and phenotype


	Discussion
	Conclusion
	Declaration of interest
	Acknowledgments
	Supplementary data
	References




