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Abstract Introduction: One major factor that influences the heterogeneity of Alzheimer’s disease (AD) is
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age: younger AD patients more frequently exhibit atypical forms of AD. We propose that this age-
related heterogeneity can be understood better by considering age-related differences in atrophy in
the context of large-scale brain networks subserving cognitive functions that contribute to memory.
Methods: We examined data from 75 patients withmild AD dementia fromAlzheimer’s Disease Neu-
roimaging Initiative. These individuals were chosen because they have cerebrospinal fluid amyloid and
p-tau levels in the range suggesting the presence of AD neuropathology, and because they were either
younger than age 65 years early-onset AD (EOAD) or age 80 years or older late-onset AD (LOAD).
Results: In the EOAD group, the most prominent atrophy was present in the posterior cingulate cor-
tex, whereas in the LOAD group, atrophy was most prominent in the medial temporal lobe. Structural
covariance analysis showed that the magnitude of atrophy in these epicenters is strongly correlated
with a distributed atrophy pattern similar to distinct intrinsic connectivity networks in the healthy
brain. An examination of memory performance in EOAD dementia versus LOAD dementia demon-
strated relatively more prominent impairment in encoding in the EOAD group than in the LOAD
group, with similar performance in memory storage in LOAD and EOAD but greater impairment
in semantic memory in LOAD than in EOAD.
Discussion: The observations provide novel insights about age as a major factor contributing to the
heterogeneity in the topography of AD-related cortical atrophy.
� 2016 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
Keywords: Alzheimer’s disease; Age; Memory; MRI; Cortical thickness
The cardinal symptoms of Alzheimer’s disease (AD) de-
mentia may include impairment of memory, judgment and
problem-solving ability, visuospatial abilities, language,
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praxis, or socioaffective behavior. The clinical diagnosis
of AD dementia requires that an individual demonstrates
symptoms and signs of decline in at least two of these major
cognitive domains [1,2]. Yet, it has been well recognized
that within any sample of patients with mild AD
dementia, substantial clinical heterogeneity exists [3,4],
with one important factor influencing heterogeneity being
age [5]. Neuropathologic studies have long-called attention
to the fact that it is not amyloid-b plaques that drive this het-
erogeneity, but rather the localization and severity of neuro-
fibrillary tangles and associated neuronal and glial
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degeneration that predict the particular clinical syndrome
exhibited by a patient [6–8]. A recently developed system
for classifying the heterogeneity of neuropathology in AD
subdivides cases based on neurofibrillary pathology into
“typical,” “limbic predominant,” or “hippocampal
sparing” subtypes [9]. One major factor that seems to influ-
ence the topography of neurodegeneration in AD is age,
with younger patients being more likely to exhibit neurode-
generation that is more prominent in isocortical temporo-
parietal regions (“hippocampal sparing”) and older
patients showing more prominent neurodegeneration in
the hippocampus and other medial temporal lobe (MTL)
structures (“limbic predominant”) [10–14].

In considering the relationship of clinical heterogeneity to
varying topographical patterns of neurodegeneration, it is
important to examine AD-related neurodegeneration within
the context of large-scale brain networks in the human brain
[15]. Resting-state functional magnetic resonance imaging
(fMRI) studies have shown that intrinsic connectivity net-
works (ICNs) correspond very well to known anatomic con-
nectivity from tract-tracing studies in nonhuman primates
[16] and to the topography of functional networks that are
activated during the performance of specific cognitive tasks
in fMRI experiments [17]. The anatomic organization of
ICNs provides an organizing framework for testing hypothe-
ses about AD-related atrophy.

These and related methods have been used to demonstrate
that imaging measures of the localization of neurodegenera-
tive pathology in AD overlap substantially with a large-scale
network commonly referred to as the default mode network
(DMN) [18–23], which plays important roles in episodic
memory among other abilities [24]. This has led to the hy-
pothesis that, early in its course, AD preferentially targets
the DMN [18,21]. Although the importance of the DMN in
AD is indisputable, the emphasis on this network is
somewhat surprising given the abnormalities in multiple
cognitive domains are present at the time of a clinical
diagnosis of AD dementia [2] and even in prodromal AD
(multidomain mild cognitive impairment [MCI]) [25].

Anumber of questions remain outstanding regarding the de-
gree to which AD is a single versus multiple network disease
and the influence of age on network neurodegeneration in
AD. Here we sought to address these questions by examining
the relationships between the localization of large-scale ICNs
derived from functional connectivity fMRI studies of healthy
young adults and the localization and magnitude of atrophy
in mild AD dementia with early-onset versus late-onset AD.
Our objective in the present study was to test three hypotheses
in patients with mild dementia due to AD: Older patients will
demonstrate more prominent atrophy in anterior MTL
(aMTL) regions, whereas younger patients will demonstrate
more prominent atrophy in posterior temporoparietal regions.
Within the entire patient group, the relative magnitude of atro-
phywithin the aMTL “epicenter” will correlatewith atrophy in
areas of the rostroventralDMNor anterior temporal/paralimbic
network, whereas the relative magnitude of atrophy within
atrophy within the posterior temporoparietal epicenter will
correlate with atrophy in the caudal-dorsal default mode
network. In addition,we propose that the clinical heterogeneity
of AD can be better understood by examining large-scale brain
networks at a finer scale,where theDMNfractionates intomul-
tiple distinct networks. Finally,wepredict that themagnitudeof
atrophy of key regions within these networks will predict the
types and severity of impairment in specificmemory processes.
1. Methods

1.1. Participants

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 as a public-private partnership, led by a
principal investigator Michael W. Weiner, MD. The primary
goal of ADNI has been to test whether serial MRI, positron
emission tomography (PET), other biological markers, and
clinical and neuropsychological assessment can be com-
bined to measure the progression of MCI and early AD.
For up-to-date information, see www.adni-info.org.

For the current analysis, we selected individuals with a diag-
nosis ofADdementiawith cerebrospinal fluid amyloid-b� 192
pg/mL and phosopho-tau. 23 pg/mL, supportive of the likely
presence of amyloid plaques and neurofibrillary tangles [26].
Furthermore, we focused on individuals whose agewas consis-
tent with early-onset AD (age, 65 years) and thosewhose age
was consistent with late-onset AD (age . 80 years). Detailed
diagnostic, inclusion, and exclusion criteria are described on
the ADNI web site (http://www.adni-info.org/).

For the control groups, we selected individuals with a
diagnosis of cognitively normal with cerebrospinal fluid am-
yloid-b . 192 pg/mL, supportive of the likely absence of
amyloid plaques [26]. Because there were relatively few
such individuals younger than 65, we selected individuals
�70, providing a young control group of 69 individuals
with a mean age of 66.8 (standard deviation [SD] 2.5, range
56–70), education 16.7 years (SD 2.6), 57% females, a sin-
gle apolipoprotein E (APOE) ε4 carrier. Similarly, for the
older control group, we selected individuals �age 77 years,
providing a young control group of 41 individuals with a
mean age of 80.1 (SD 2.8, range 77–85), education
17.5 years (SD 2.5), 54% females, 5 APOE ε4 carriers.

1.2. Standard protocol approvals, registrations, and
patient consents

Each participant gave written informed consent in accor-
dance with institutional Human Subjects Research Commit-
tee guidelines.
1.3. MRI imaging and analysis

MRI scans were collected on a 1.5-T or 3.0-T scanner us-
ing a standardizedMPRAGE protocol: sagittal plane, TR/TE/

http://adni.loni.usc.edu
http://www.adni-info.org
http://www.adni-info.org/
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TI, 2400/3/1000 ms, flip angle 8�, 24-cm FOV, 192 ! 192
in-plane matrix, 1.2-mm slice thickness [27]. Fully prepro-
cessed scans were downloaded for analysis. 71% of controls
and 72% were scanned on a 1.5T scanner.

T1 image volumes were examined quantitatively by a
cortical surface-based reconstruction and analysis of cortical
thickness, using a combination of hypothesis-driven and
exploratory analysis approaches as described in multiple
previous publications [28–34].
1.4. Neuropsychological measures

We examined baseline memory testing from the ADNI
database. Although our central analysis was focused on the
Rey Auditory Verbal Learning Test (AVLT) [35], we also
examined brain-behavior relationships with a proxy measure
of semantic memory, the Boston Naming Test supported with
both semantic and phonemic cueing. Briefly, the AVLT con-
sists of five learning trials in which a list of 15 words is
read and the subject is asked to immediately recall as many
items as possible. For the present analysis, we included
trial-1 encoding and total learning (the sum of items encoded
over all five trials). After an interference list of 15 novel words
is read and recalled, subjects are then asked to recall words
from the initial list (5-minute delayed recall). A 30-minute de-
layed recall trial and recognition test follow. We focused here
on 30-minute delayed retention (the number of items recalled
divided by the number of items encoded on the last learning
trial). For the recognition test, subjects are presented with a
list of the 15 studied words and 15 nonstudied foils and are
asked to circle all words previously studied. To account for
false alarms to nonstudied items, we calculated a measure
of discriminability, d-prime (d0), which was calculated in a
standard fashion based on classic signal detection theory
[36]. Additionally, because d0 is undefined when either pro-
portion is 0 or 1, we used standard formulas to convert these
values: Hits5 (#Hits1 0.5)/(#studied items1 1) and FA5
(#FA 1 0.5)/(#unstudied items 1 1). Thus, for verbal
episodic memory, we used AVLT trial-1 encoding, total en-
coding, delayed retention, and recognition discriminability.

In the ADNI version of the Boston Naming Test [37], sub-
jects are asked to name 30 black and white line drawings, each
of a single object. The subject is given up to 20 seconds to
respond, and if the initial response is determined to be an error
based on visuoperceptual misinterpretation, a semantic cue is
offered. A phonemic cue is offered for all incorrect or nonre-
sponses, regardless of whether there was a visuoperceptual er-
ror. The test is discontinued if there are six consecutive failures,
inclusive of responses to semantic cueing. The total score (our
semantic memory measure) is the sum of the initial correct re-
sponses plus additional correct responses after a semantic
prompt (if given). Thus, a failure after both phonemic and se-
mantic cueing is likely indicative of a semanticmemory deficit.

For each of these tests, we calculated a Z score for each
AD patient’s performance compared to the distribution of
performance in age-matched control group. That is, for
EOAD patients, we calculated Z scores using the younger
amyloid-negative cognitively normal control group, and
for LOAD patients, we used the older control group.

1.5. Statistical analysis

Cortical thicknessmeasuresweremapped to the inflated sur-
face of each participant’s reconstructed brain (Fischl, Sereno
and Dale 1999), which were then mapped to the standard Free-
Surfer average template (fsaverage). This procedure allows
visualization of data across the entire cortical surface (i.e.,
both the gyri and sulci) without interference from cortical
folding. The data were smoothed on the surface using an itera-
tive nearest-neighbor averaging procedure. One hundred
iterations were applied, which is equivalent to applying a two-
dimensional Gaussian smoothing kernel along the cortical sur-
face with a full-width/half-maximum of 18.4 mm. Data were
then resampled for participants into a common spherical
coordinate system (Fischl, Sereno, and others 1999). The pro-
cedure provides accurate matching of morphologically homol-
ogous cortical locations among participants on the basis of each
individual’s anatomy, while minimizing geometric distortion,
resulting in ameanmeasure of cortical thickness for each group
at each point on the reconstructed surface.

For the primary analyses, statistical surface maps were
generated by computing a two-class general linear model
for the effect of membership in (1) each of the AD groups
when compared to each of the age-matched control groups.
For these exploratory analyses, a statistical threshold of
P , .01 was used. Structural covariance analysis was per-
formed by using a one-class general linear model, including
all AD patients, and using the cortical thickness from within
each of the regions of interest as the independent variable
with cortical thickness across the remainder of the cortical
mantle as the dependent variable.

In addition, tests of group differences were performed us-
ing chi-square analysis (for frequencies) or analysis of vari-
ance (for continuous measures) with post hoc pairwise
comparisons where relevant; a 5 0.05. Because effect sizes
were expected to be subtle and strong a priori hypotheses
were being tested, no multiple comparisons correction pro-
cedures were performed. Statistical analyses were per-
formed using IBM SPSS 21.0.

2. Results

2.1. Demographic and clinical characteristics of samples

Table 1 shows the demographic and clinical characteris-
tics of the sample. The LOAD group (n5 49) had a slightly
higher percentage of females and a slightly lower rate of
APOE ε4 carriers than the EOAD group (n 5 26). Other-
wise, the groups were well matched.

2.2. Spatial topography of atrophy in EOAD versus LOAD

We confirmed the clear difference in the spatial topog-
raphy of atrophy in EOAD versus LOAD. In EOAD,



Table 1

Clinical and demographic characteristics of participants

Variable EOAD LOAD

Age 60.5 (2.8) 84.3 (3.1)****

Gender (% female) 50% female 67% female

Education 16 (1.9) 15.2 (3.3)

MMSE 22.7 (2.1) 22.5 (2.1)

CDR sum-of-boxes 4.9 (1.5) 4.9 (1.8)

APOE ε4 (% carriers) 72% 61%*

AVLT trial-1 encoding 21.7 (0.95) 21.1 (0.86)***

AVLT total encoding 23.1 (0.77) 22.1 (0.78)****

AVLT delayed retention 21.8 (1.2) 22.0 (0.99)

AVLT recognition discriminability 22.4 (1.2) 22.6 (1.0)

BNT cued naming (semantic memory) 21.3 (2.3) 25.7 (4.5)****

Abbreviations: MMSE, Mini–Mental State Examination; CDR, clinical

dementia rating; APOE, apolipoprotein E; EOAD, early-onset Alzheimer’s

disease; LOAD, late-onset Alzheimer’s disease; AVLT, Auditory Verbal

Learning Test; BNT, Boston Naming Test.

*P , .05; ***P , .005; ****P , .001.

B.C. Dickerson et al. / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 6 (2017) 122-135 125
atrophy is most prominent in the posterior cingulate cortex
(PCC) and precuneus, inferior parietal lobule, and caudal
ventral and lateral temporal cortex, with a small degree of
dorsolateral prefrontal cortical (DLPFC) involvement.
The aMTL and temporal pole were relatively spared. In
LOAD, the aMTL and anterior temporal cortex were prom-
inently atrophied, with additional prominent effects in
caudal ventral and lateral temporal cortex, PCC, inferior
Fig. 1. Cortical atrophy maps of (A) early-onset Alzheimer’s disease versus age-m

controls. Maps depict regions in which the thickness of the cortex in AD patients

(P , .01). Maps are shown on a partially inflated average cortical surface templa
parietal, and DLPFC. See Fig. 1 for cortical surface maps
of these effects.

When the statistical threshold was made more stringent
so as to identify a single “epicenter” of most prominent at-
rophy in each of these age-related subtypes of AD, we iden-
tified the PCC/precuneus as the epicenter in EOAD and the
aMTL cortex as the epicenter in LOAD. The localization of
the aMTL epicenter in LOAD overlaps with both entorhinal
and perirhinal cortices, based on topographic mapping of
an independent sample of postmortem brains that had
been examined cytoarchitectonically [38,39]. Comparison
of the map in Fig. 2A with that of Fig. 1A might suggest
that—rather than the precuneus—the left inferior parietal
cortex should be the epicenter because it demonstrates a
slightly larger difference in thickness (Fig. 1A). Yet the
inferior parietal cortex also exhibits larger variance, so
when the map of statistical significance is thresholded strin-
gently (Fig. 2A), the precuneus demonstrates the most sta-
tistically significant effect. Interestingly, as can be seen in
Fig. 3B, these two regions show strong structural covari-
ance, and the network maps shown in Fig. 4 demonstrate
that they are clearly both nodes of the dorsal default
mode network.

An examination of the thickness of these epicenters in
EOAD and LOAD versus the two control groups matched
in age to the patient groups (Fig. 5) further illustrates the
atched controls and (B) late-onset Alzheimer’s disease versus age-matched

is at least 0.3 mm thinner than controls, and all are statistically significant

te from 40 individuals (fsaverage). Abbreviation: AD, Alzheimer’s disease.



Fig. 2. Epicenters of cortical atrophy. (A) The posterior cingulate cortex/ventral precuneus is the epicenter of cortical atrophy in early-onset Alzheimer’s disease

versus age-matched controls (P , 1 ! 1027). (B) The anterior medial temporal (entorhinal and perirhinal) cortex is the epicenter of cortical atrophy in

late-onset Alzheimer’s disease versus age-matched controls (P , 1 ! 10211).

B.C. Dickerson et al. / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 6 (2017) 122-135126
age-dependent dissociation between these cortical regions
with regard to the effects of AD.
2.3. Structural covariance mapping of these epicenters

A structural covariance analysis of the entire sample
of EOAD 1 LOAD patients revealed distinct patterns
for the PCC EOAD epicenter versus the aMTL LOAD
epicenter (Fig. 3). Structural covariance mapping of the
PCC revealed bilateral PCC, the inferior parietal lobule,
posterior lateral temporal cortex, and lateral and medial
superior frontal gyrus. Structural covariance mapping of
the aMTL revealed a distinct pattern of bilateral aMTL
cortex (including entorhinal and perirhinal cortex), tem-
Fig. 3. Structural covariance analyses of each of the two epicenters reveal two l

atrophy is correlated with PCC atrophy include bilateral PCC, the inferior par

perior frontal gyrus. (B) Regions where cortical atrophy is correlated with aM

anterior lateral and ventral temporal cortex, as well as subgenual cingulate corte

ance map to the LOAD-epicenter structural covariance map clarifies these as tw

lateral temporal cortex, with smaller regions of overlap in the angular gyrus a

terior cingulate cortex.
poral pole, and anterior lateral and ventral temporal cor-
tex, as well as subgenual cingulate cortex. A limitation of
these covariance maps is that they were generated within
the same sample from which the epicenters were defined;
future analyses will aim to determine whether similar
covariance is found in independent samples, including
controls.

An examination of the overlap of these two maps demon-
strated three major findings. First, there is minimal overlap
between them except in caudal lateral temporal regions
(Fig. 3). Second, the union of these two maps shows a topog-
raphy of atrophy that is very similar to the original AD signa-
ture [40] (Fig. 6). The original AD signature included
patients with a relatively wide age range, although most
argely distinct distributed patterns of atrophy. (A) Regions where cortical

ietal lobule, posterior lateral temporal cortex, and lateral and medial su-

TL atrophy include entorhinal and perirhinal cortex, temporal pole, and

x. (C) An overlap map comparing the EOAD-epicenter structural covari-

o nearly independent maps, with minimal overlap primarily in the caudal

nd posterior cingulate and retrosplenial cortex. Abbreviation: PCC, pos-



Fig. 4. The overlap of this spatial pattern of atrophy and the localization of large-scale brain networks clearly demonstrate the involvement of multiple networks at

the mild clinical stage of AD dementia, with a pattern that differs based on age of onset. Compared with the seven-network parcellation by Yeo et al. (2011) (B), the

EOAD-epicenter structural covariance map (A) largely overlaps with DMN and frontoparietal executive control networks, whereas the LOAD-epicenter structural

covariance map largely overlaps with the anterior temporal/paralimbic network. Compared with the Yeo et al. (2011) 17-network parcellation (C), the EOAD-

epicenter structural covariance map overlaps with dorsal DMN and language networks, whereas the LOAD-epicenter structural covariance map overlaps with

the anterior temporal/paralimbic network. Thus, the overlap ofAD-related atrophy and large-scale brain networks depends both on the characteristics ofAD patients

(with age being one major factor) and the scale at which brain networks are examined. Abbreviations: AD, Alzheimer’s disease; DMN, default mode network.
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were late onset. Major regions include aMTL and ventral
temporal cortex, temporal pole, lateral temporal cortex, infe-
rior parietal lobule, PCC and precuneus, and medial and
lateral superior frontal gyrus.

Third, the overlap of this spatial pattern of atrophy and
the localization of large-scale brain networks clearly
Fig. 5. Comparison of cortical thickness of epicenters of cortical atrophy. Bar grap

anterior medial temporal cortex which is the epicenter of LOAD, compared to age

negative individuals. Abbreviation: aMTL, anterior medial temporal lobe.
demonstrate the involvement of multiple networks at the
mild clinical stage of AD dementia, with a pattern that dif-
fers based on age of onset. Compared with the seven-
network parcellation by Yeo et al. (2011) (Fig. 4A), the
localization of atrophy in EOAD is largely confined to
DMN and frontoparietal executive control network,
hs depict thickness of (A) precuneus which is the epicenter of EOAD and (B)

-matched younger and older control groups of cognitively normal, amyloid-



Fig. 6. The EOAD-epicenter and LOAD-epicenter structural covariance overlap map (B) shows a topography that is very similar to the original AD signature

(A), which compared patients with mild AD dementia (n5 73) to age-matched controls (n5 194). The original AD signature included patients with a relatively

wide age range, although most were late onset. Major regions include anterior MTL and ventral temporal cortex, temporal pole, lateral temporal cortex, inferior

parietal lobule, PCC and precuneus, and medial and lateral superior frontal gyrus. Abbreviations: AD, Alzheimer’s disease; MTL, medial temporal lobe; PCC,

posterior cingulate cortex.

Fig. 7. Patients with EOAD are more impaired than those with LOAD on
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whereas in LOAD, the localization of atrophy is primarily
evident in the anterior temporal/paralimbic network.
Compared with the 17-network parcellation by Yeo et al.
(2011) (Fig. 4B), atrophy in EOAD can be seen in dorsal
DMN and language networks, whereas in LOAD, it is pre-
sent in the anterior temporal/paralimbic network. Thus, the
overlap of AD-related atrophy and large-scale brain net-
works depends both on the characteristics of AD patients
(with age being one major factor) and the scale at which
brain networks are examined.

2.4. Localization of atrophy in relation to memory systems

Finally, the relationship of atrophy in EOADversus LOAD
to memory performance measures demonstrates that age in-
fluences how AD disrupts dissociable memory processes
through its effects on key nodes of distinct memory systems.
On the AVLT, trial-1 memory encoding is relatively more
impaired in EOAD (Z 5 21.7) than in LOAD (Z 5 21.1).
On total learning across all five trials, these effects are
much more pronounced, with EOAD showing a relatively lit-
tle learning with repeated encoding (Z523.1) while LOAD
showed prominent but lesser impairment (Z 5 22.1). In
contrast, the EOAD group showed similar impairment on de-
layed retention (Z 5 21.8) compared to the LOAD group
(Z 5 22.0). Recognition discriminability was also similar
in the EOAD group (Z 5 22.4) than in the LOAD group
(Z 5 22.6). Fig. 7 illustrates these findings. Repeated-
measures ANOVA demonstrates that the groups show signif-
icant differences in the two encoding measures as well as the
semantic memory measure (Table 1).
Rey Auditory Verbal Learning Test trial-1 encoding and total learning

across all trials. The groups are similarly impaired on delayed retention

and recognition discriminability, although the LOAD may be very slightly

more impaired on these measures. In contrast, patients with LOAD are

more impaired than those with EOAD on semantic memory measured using

the Boston Naming Test.
3. Discussion

In the debates about whether AD is primarily a disease of
the DMN or also involves other networks, age has received
relatively little attention. Here we reinforce previous obser-
vations [10,11,13,14,41–48] that older people with mild AD
dementia have more prominent atrophy in aMTL regions,
whereas younger people with mild AD dementia have
more prominent atrophy in posterior temporoparietal
regions, especially the PCC. Structural covariance analyses
demonstrate that patients with greater atrophy in the
aMTL “LOAD epicenter” also exhibit a larger degree of
atrophy in areas of the anterior temporal/paralimbic
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network (which includes but extends more rostrally to the
usual anterior-ventral MTL subsystem of the DMN [49]).
In contrast, those with greater atrophy in the PCC “EOAD
epicenter” exhibit a larger degree of atrophy in a distinct
set of brain regions mostly, but not exclusively, including
dorsal regions of the DMN (the frontoparietal DMN subsys-
tem [49]). Finally, the clinical heterogeneity of memory im-
pairments in AD fit with these anatomical observations, with
encoding-related measures—which are supported in part by
isocortical lateral temporal, parietal, and frontal and medial
parietal cortices—showing more prominent impairment in
EOAD and semantic memory—supported largely by tempo-
ral pole and anterior temporal cortex—showing more prom-
inent impairment in LOAD. Memory storage was similarly
impaired in both groups. To contextualize these new find-
ings, we will first review traditional anatomical models of
MTL memory systems [50,51], which provide a
foundation for understanding how these two subsystems
support memory functions.
3.1. Traditional anatomical models of the MTL memory
systems

Multiple isocortical areas are important for episodic mem-
ory, includingprefrontal andparietotemporal association areas
that mediate perceptual aspects of encoding [52], working
memory, effortful encoding and retrieval, source monitoring,
and other functions that are essential to conscious recollection
[53–55]. Animal studies have shown that reciprocal
projections from isocortical association areas strongly
converge onto the MTL, which are funneled into the
hippocampus via the parahippocampal, perirhinal, and the
entorhinal cortices [56,57]. The perirhinal cortex receives
inputs from areas concerned with identifying the identity of
objects (the “what” pathway), whereas the parahippocampal
cortex receives inputs from many areas involved in
processing the spatial content of sensory information (the
“where” pathway). The pattern in which the fibers from both
pathways—via medial and lateral entorhinal cortex,
respectively—terminate in hippocampal targets differs
between those arriving in CA3 and dentate gyrus and those
in CA1 and subiculum, such that information passing
through the entorhinal cortex is combined on the same
neurons in the dentate gyrus and CA3 but arrives in separate
neuronal populations in the subiculum and CA1, a
topographical pattern that may support the ability of the
hippocampus to both associate and distinguish events and
the context in which they appear [58]. The localization of
efferent and afferent connectivity also varies along the long
axis of the hippocampus and MTL cortex, providing the basis
for two major dissociable MTL-cortical networks [59,60].
This anatomical framework illustrates the segregation and
integration of basic functional-anatomicmechanisms that sup-
port episodic memory processes, which are beginning to be
illuminated further in humans via neuroimaging. For example,
resting-state functional MRI has been used to demonstrate
the distinction between subnetworkswithin theMTLmemory
system, including the rostral hippocampal-perirhinal
network versus the caudal hippocampal-parahippocampal-
retrosplenial network [49,61,62]. As reported here, age
appears to be an important modulator of the integrity of
these MTL networks in the context of mild AD.
3.2. Rostral hippocampal-perirhinal subsystem

Anterior MTL regions—including entorhinal and perirhi-
nal cortices and anterior hippocampus—are heavily intercon-
nected with the ventral and lateral anterior temporal cortex as
well as the temporal pole. The entorhinal and perirhinal
cortices share strong reciprocal connections with the orbital
and medial prefrontal cortex, as well as the amygdala [63–
66]. Along with lateral orbitofrontal cortex, the lateral
amygdala is critical for integrative sensory processing, and
these structures are probably involved with assigning value
or relevance to highly processed visual information in
anterior temporal cortical regions; the medial amygdala
shares connectivity with reward-related structures including
the nucleus accumbens (to which the temporal pole also con-
nects). Taken together, these anatomic studies, as well as
functional neuroimaging investigations and studies of patients
with semantic dementia as well as AD, suggest a key role for
the temporal pole and other anterior temporal structures in the
integration of multimodal sensory and conceptual informa-
tion with episodic memory to guide valuation and approach-
or avoidance-related behavior [67,68]. Ultimately, this
subsystem works together to process the identity of objects
in the dual dimensions of encyclopedic knowledge
(semantic memory and conceptual processing) and personal
valuation, both linked to past personal episodic experience
[62]. Yet, although this anterior temporal subsystem is pri-
marily thought to be a multimodal integration convergence
zone focused on object identity and association [69], it also
shares connectivity to the dorsal DMN [70], particularly
through the retrosplenial cortex [71,72], inferior parietal
lobule [57,73], and ventromedial prefrontal cortex, which is
thought to bring in a variety of elements of context.

The aMTL has long been considered the origin of neurode-
generation of AD [74,75], and the area of most prominent
atrophy [40,76], including in preclinical and prodromal
phases [30,77]. Despite the fact that aMTL atrophy is a
widely replicated sensitive biomarker of earlyAD-relatedneu-
rodegeneration [78], this region is often spared in EOAD,
whether measured via MRI in vivo [47] or by postmortem au-
topsy examination [9]. In patients with dementia associated
with amyloid-b neuritic plaques and hyperphosphorylated
neurofibrillary tangles, themechanisms that influencewhether
MTL regions are relatively spared remain poorly understood.
The presence of an APOE ε4 allele is one well-documented
factor that is associated with more prominent MTL neurode-
generation [33]. AlthoughAPOE ε4 iswell known to facilitate
amyloid-b production and deposition, it also reduces the effec-
tiveness of neuronal repair mechanisms in the setting of
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toxicity [79]. In addition, the ε4 allele promotes tau phosphor-
ylation and neurofibrillary tangle production [80]. We believe
that age and APOE ε4 exert similar effects on MTL neurode-
generation. Age is associated with a primary MTL tauopathy
[81] such that older adults have pre-existing MTL pathology
independent of plaque and tangle AD pathology, which then
may accelerate this process. In contrast, younger adults do
not have as much MTL tauopathy and, thus, tend to display
relatively greater involvement of isocortical networks
although these are also involved in older adults. Similarly,
those carrying the APOE ε4 allele would also be expected to
have more prominent aMTL neurodegeneration that APOE
ε4 noncarriers when matched for age. Thus, an older AD pa-
tient who is an APOE ε4 carrier would be predicted through
this “dual hit”model to display the highest levels ofMTL neu-
rodegeneration while a young-onset APOE ε4 noncarrier
wouldhave the leastMTLneurodegeneration.Given the effect
of APOE ε4 on disease onset, however, this full effect may be
infrequent in LOAD cohorts such as described here. Regard-
less, the potential mechanisms through which age and APOE
ε4 exert their effectswill be illuminatedbycomparing amyloid
and tau PET or cerebrospinal fluid measures to atrophy.
3.3. Caudal hippocampal-parahippocampal-retrosplenial
subsystem

The caudal MTL—including caudal hippocampus and
posterior parahippocampal cortex—shares stronger connec-
tivity than the aMTL with retrosplenial cortex, posterior
cingulate cortex, precuneus, angular gyrus, and medial pre-
frontal cortex [61,82]. The caudal MTL is known to have
robust reciprocal connections with retrosplenial cortex
[71,72] and posterior cingulate cortex [83].Weaker reciprocal
connections are present between caudal MTL and the precu-
neus [83,84] and inferior parietal lobule [57,73], as well as
medial prefrontal cortex [66,85]. These observations from
macaque tract-tracing studies have been supported by human
functional connectivity MRI investigations [61,82,86], which
indicate that the caudalMTL is primarily affiliatedwithmajor
DMN hubs while the aMTL subsystem is weakly linked to
these regions and best considered a distinct subsystem
[24,49]. This system is engaged during episodic memory
retrieval [87], especially including autobiographical memory
[88]. Studies of prospective memory—the use of past experi-
ence to simulate future events—have also emphasized the
engagement of this subsystem [89–91]. Ultimately, this
subsystem is thought to process a variety of aspects of the
contextual properties of stored episodes, including spatial
location [92], object contextual association [93], and temporal
sequence [94].

The caudal MTL is also well established as undergoing
neurodegeneration in AD, although in typical cases to a
lesser degree than the aMTL subsystem [95]. Maps of
cortical atrophy in relation to AD neuropathology generally
demonstrate that more prominent neurofibrillary pathology
corresponds to greater atrophy in the set of regions encom-
passed by our overall AD signature of cortical atrophy
[96–98]. One recent clinicopathologic study investigated
the patterns of atrophy in patients with topographies of
pathology subdivided into hippocampal sparing, typical,
and limbic predominant [99]. An examination of Fig. 1
[99] reveals that the pattern of atrophy in those with typical
pathology corresponds well with our LOAD map, whereas
that of the hippocampal sparing group corresponds with
our EOAD map. Moreover, the hippocampal sparing group
had a mean age of onset of symptoms of 63, whereas the
typical pathology group had a mean age of symptom
onset of 73. A similar finding has recently been
reported using in vivo tau PET imaging [100]. Thus, a small
amount of extant data suggests that younger people with
AD pathology exhibit strong correspondence between
tau pathology and atrophy in a distributed set of brain
regions largely concordant with the caudal hippocampal-
parahippocampal-retrosplenial subsystem.
3.4. Dissociation of memory performance in EOAD and
LOAD

As we reported previously in patients with mild AD de-
mentia [34], impaired performance on the first encoding trial
of the AVLT is associated with atrophy in a broad set of left-
lateralized isocortical regions, which have been implicated in
auditory-verbal working memory and phonologic as well as
semantic aspects of language. Auditory-verbal working
memory is likely critical to the initial trials of a list-learning
memory task and crucial for the transfer of information into
long-term storage. Several of the regions found to correlate
with the initial trial of the AVLT in the parietal lobe, including
the supramarginal and angular gyrus, have beenvariably asso-
ciated with the storage function of the phonological loop sup-
porting working memory [101,102]. Some of these regions
are involved in both EOAD and LOAD, although we found
a more prominent abnormality of verbal encoding in
EOAD, consistent with previous observations of working
memory impairment in EOAD [103]. In contrast, semantic
memory is relatively more impaired in LOAD than EOAD
[12,104], which would impact long-term memory encoding.
Our previous [105] and current observations of greater ante-
rior temporal atrophy in AD patients who exhibit cued
naming impairment and more prominent late-trial auditory-
verbal list encoding impairment [34], in conjunction with
our present observation of more prominent anterior temporal
atrophy and semantic memory impairment in LOAD, provide
further behavioral and anatomical support for these ideas.
Furthermore, the current finding is consistent with the link
between the aMTL, particularly perirhinal cortex, and
object-related semantic memory [106]. Taken together, these
observations reinforce the importance of both phonologic and
semantic language processes in AD, particularly in their con-
tributions to verbal memory. Finally, given the putative role of
the rostral hippocampal-perirhinal subsystem for item-level
memory, one would predict greater impairment on
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recognition memory discrimination in the LOAD group,
which was marginally the case, but perhaps made more
salient in the context of this group’s better overall memory en-
coding performance.

Inaddition toprovidingnew insights into theneural systems
affected in EOAD versus LOAD, the current findings have
practical implications about the nature of tests used in the
assessment of patients with EOAD versus LOAD. For
example, these data support the notion that measures of imme-
diate memory are sensitive to distributed pathology temporo-
parietal cortex, reflecting the role of attention and language
in list learning.This findingmayexplainwhy immediatemem-
ory, usually quantified as total learning, has proven to be such a
sensitivemeasure to the early stages ofAD, as injury to a num-
ber of different neuroanatomical sites might modulate perfor-
mance [107–110]. Given the early and relatively selective
MTL pathology in LOAD, delayed memory tests may
provide the most specific measures of early AD in older
adults, although challenging measures of semantic memory
should also be examined. Most semantic memory measures
in standard psychometric batteries suffer from ceiling effects
in mildly impaired patients, and tests designed specifically
for these populations would be a worthy area of research
investigation. At the end of the day, delayed recall measures
where impairment may reflect deficits in encoding, storage,
or retrieval may be the best tests to apply across the age
spectrum of AD because they might enable detection of
memory problems at any of these stages but may sacrifice
specificity with regard to the underlying pathoanatomical
correlates.
3.5. AD as a single versus multiple network disease

In aggregate, groups ofmildAD dementia patients demon-
strate regional atrophy in a pattern consistent with the pre-
dominant involvement of the DMN and portions of the
executive control network and dorsal attention network. Yet
fractionation of networks and heterogeneity of the disease
highlight the oversimplified nature of the AD-DMN model.
Our major findings here point out that, even when the overall
pattern of AD-related atrophy is superimposed on a crude
seven-network parcellation of the cortex, it is clear that the
DMN is affected as well as the anterior temporal/paralimbic
network—critically important for both episodic and semantic
memory function [70]. When a more fine-grained, 17-
network model is used, it is clear that AD-related atrophy af-
fects most of the key nodes of the DMN—with the critical
exception of most of the medial prefrontal cortex. But it
also affects the dorsal language network, which fractionates
from the DMN in this more fine-grained model—a funda-
mentally important point to which other investigators have
alluded [70,111,112]. In addition, patients with mild AD
dementia show atrophy in the executive control network,
dorsal attention network, and visual association network.
Furthermore, the heterogeneity of AD dissociates these
effects further, with age-related heterogeneity being
one major driver of differential network effects. We
have demonstrated in multiple prior publications that
APOE ε4 is another major factor that drives differential
network effects [29,33].

Ultimately, if AD originates and progresses through con-
nections of distributed neural networks in the brain [21,113–
115], the organization of brain networks will shed light on
the topographical differences between typical and atypical
AD pathology [116]. We demonstrate here that typical AD
dementia patients exhibit atrophy in key nodes of the
DMN, anterior temporal network, and language network.
However, it is still unclear why and how a critical node of
one brain network rather than another becomes selectively
vulnerable to AD pathology in the first place [117]. Further
investigation is necessary to identify other genetic or
possibly environmental drivers of phenotypic diversity in
AD and the mechanisms by which age and APOE influence
the biology and clinical expression of AD. It is also impor-
tant to acknowledge that increasing age also makes mixed
pathologies more common, such as ADwith cerebrovascular
disease or AD with cortical Lewy body disease; mixed cases
present an additional layer of heterogeneity.
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RESEARCH IN CONTEXT

1. Systematic review:Theauthors reviewed the literature
using PubMed andAAICmeeting abstracts. Although
early-onset Alzheimer’s disease has previously been
reported as being associated with non-memory
cognitive impairment and non-medial temporal lobe
cortical atrophy, the relationships between these
measures and large-scale brain networks have not
previously been investigated. Relevant citations are
appropriately cited.

2. Interpretation: In early-onset Alzheimer’s disease,
cortical neurodegeneration occursmost prominently in
different brain networks than in late-onset Alzheimer’s
disease. These degenerative changes influence clinical
presentation in terms of particular characteristics of
memory impairment, with early-onset AD patients
have more prominent memory encoding impairments
and late-onset AD patients having more prominent
semantic memory impairment.

3. Futuredirections: In the future,more specific cognitive
testswould illuminate thepsychometric characteristics
of EOAD versus LOAD in greater detail. Additional
investigation is warranted to define additional factors
that influence the selective vulnerability of these
particular brain regions and networks toAD pathology
as a function of age.
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