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Abstract.
Background: First-degree relatives of individuals with late-onset Alzheimer’s disease (AD) have increased risk for AD, with
children of affected parents at an especially high risk.
Objective: We aimed to investigate default mode network connectivity, medial temporal cortex volume, and cognition in
cognitively healthy (CH) individuals with (FH+) and without (FH-) a family history of AD, alongside amnestic mild cognitive
impairment (aMCI) and AD individuals, to determine the context and directionality of dysfunction in at-risk individuals. Our
primary hypothesis was that there would be a linear decline (CH FH- > CH FH+ > aMCI > AD) within the risk groups on all
measures of AD risk.
Methods: We used MRI and fMRI to study cognitively healthy individuals (n = 28) with and without AD family history
(FH+ and FH-, respectively), those with aMCI (n = 31) and early-stage AD (n = 25). We tested connectivity within the default
mode network, as well as measures of volume and thickness within the medial temporal cortex and selected seed regions.
Results: As expected, we identified decreased medial temporal cortex volumes in the aMCI and AD groups compared to
cognitively healthy groups. We also observed patterns of connectivity across risk groups that suggest a nonlinear relationship
of change, such that the FH+ group showed increased connectivity compared to the FH- and AD groups (CH FH+ > CH
FH- > aMCI > AD). This pattern emerged primarily in connectivity between the precuneus and frontal regions.
Conclusion: These results add to a growing literature that suggests compensatory brain function in otherwise cognitively
healthy individuals with a family history of AD.
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INTRODUCTION

Late-onset Alzheimer’s disease (LOAD) is a
neurodegenerative disease associated with the accu-
mulation of amyloid-� (A�) and tau accompanied
by a loss of neurons and synapses that ultimately
lead to loss of memory and cognitive function. There
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is a growing focus on research into the genetics
and heritability of Alzheimer’s disease (AD), espe-
cially on brain imaging biomarkers that may identify
those at risk for AD. Although LOAD is generally
referred to as sporadic, biological first-degree rela-
tives of individuals with AD (FH+) are at 4-to 10-fold
higher risk for dementia than individuals with no fam-
ily history (FH-) [1]. Data from the UK Biobank
has highlighted the viability of family history as a
proxy-phenotype of AD [2], and proxy-genome-wide
association studies have recently been used to iden-
tify novel risk-incurring gene loci [3, 4]. AD-proxy
individuals cannot be treated as equivalent to AD
cases, as many individuals with this risk will not
develop AD. However, the high degree of overlap in
genetic information between these two groups war-
rants investigation into the intermediate phenotypes
that emerge in these individuals, especially pheno-
types involving metabolic changes that may occur
before symptoms appear.

Biomarker studies of brain structure and function
offer potential opportunities for prodromal detection
of AD-related change, and for potentially improving
our understanding of factors relating to heritabil-
ity of risk. There are a growing number of studies
using brain imaging to demonstrate that first-degree
relatives of individuals with AD have increased mark-
ers of risk for AD even in the absence of cognitive
decline [5, 6]. We and others have used imaging
and cerebrospinal fluid (CSF) biomarkers to iden-
tify relationships between maternal family history
and AD endophenotypes, e.g., cerebral metabolism
[7], higher A� burden [6], reduction in gray mat-
ter volume [8, 9], and increased global Pittsburgh
Compound B (PiB) uptake measured using PiB-PET
[9, 10]. Moreover, maternal inheritance patterns may
also include a unique prodromal metabolic phenotype
[11–15].

Given evidence of decline in metabolic activity in
individuals with a family history of AD, we sought to
use functional magnetic resonance imaging (fMRI)
of the “resting state”, which provides information
about the brain’s activation, when undirected to a
specific external task. During resting state imaging,
several brain regions exhibit low frequency fluctua-
tions in a coordinated and stable manner compared
to other regions of the brain [16, 17]. This default
mode network (DMN) consists of namely the poste-
rior cingulate cortex (PCC), inferior parietal cortex,
midline/lateral frontal cortex, and the medial tempo-
ral cortex. Resting state fMRI studies have identified
alterations in the connectivity of specific brain net-

works in AD, including the DMN, that may be present
in individuals at the early stages of decline. In fact,
the DMN may be uniquely affected by neurodegen-
eration [18, 19] and pathological deposition of A�,
even in individuals without a clinical AD diagnosis,
making DMN measurements a key early biomarker
for AD [20–22]. Individuals with early memory
changes without AD, such as those with aMCI have
been shown to have possible compensatory increased
DMN connectivity (posterior to frontal cortices) and
decreased hippocampal to frontal connectivity, with
subsequent decline in connectivity in these regions
with the onset of AD [23, 24]. Individuals with a
first-degree relative with dementia have differences
in their resting state connectivity between the pos-
terior cingulate and anterior default mode network
regions [25–27]. However, no studies have compared
default mode network connectivity profiles of fam-
ily history positive individuals with individuals with
aMCI.

To further characterize patterns of brain biomark-
ers in the context of AD risk, we measured DMN
functional connectivity and regional brain volume
in a cross-sectional cohort of low-risk and high-
risk cognitively healthy older adults, and individuals
with amnestic MCI and late-onset AD. This was a
cross-sectional study on a select sample of subjects
in specific diagnosis and family history groups to
explore structure and function of the brain DMN,
based on our previous data showing FH-related
abnormalities in these regions [5, 8, 9]. Our pri-
mary hypothesis was that there would be a linear
decline across the four groups, such that cogni-
tively healthy (CH), FH+ individuals followed by
those with cognitive impairment (aMCI and AD),
would have abnormal DMN connectivity compared
to cognitively healthy, FH- individuals. After seeing
a clear increase in connectivity in the FH+ group,
we explored the possibility that FH+ individuals
would show increased connectivity compared to the
other groups. We also hypothesized that cognitively
healthy, FH+ individuals would have decreases in
volume in the medial temporal lobe, and abnormal
posterior DMN connectivity [26], similar to previ-
ous reports showing abnormal connectivity in aMCI
compared to AD [28, 29].

MATERIALS AND METHODS

Study procedures were approved by the University
of Kansas School of Medicine Institutional Review
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Board and were in accordance with U.S. federal reg-
ulations. All participants provided written informed
consent.

Participants

Participants were recruited as part of interven-
tion and observational studies at the University of
Kansas Alzheimer’s Disease Center (KU ADC) and
were part of the Clinical Cohort. We have pre-
viously reported results from these investigations
[30–32]. The KU ADC is part of the U.S. network of
Alzheimer’s Disease Centers of Excellence that sup-
port research into brain aging and dementia. The KU
ADC has established an infrastructure for the iden-
tification, recruitment, and characterization of older
adults both with and without dementia. Beginning
in 2004, we developed a registry of individuals who
have consented to be contacted regarding research
studies, details of which have been published else-
where [33]. Ninety-six participants underwent brain
imaging as part of these ongoing observational and
intervention-based studies (pre-intervention time-
point only) on fitness, exercise, aging, and risk for AD
(ClinicalTrials.gov: NCT01129115, NCT02000583,
NCT00267124). All participants also underwent a
standard examination, which includes a thorough
clinical and cognitive evaluation with a clinician at
the KU ADC. This clinical evaluation includes a
semi-structured interview (Clinical Dementia Rating,
CDR) with the participant and study partner [34],
as well as a physical and neurological examination.
A psychometrician administers a standard psycho-
metric battery [35]. Clinical evaluation results are
used to determine dementia status, which is reviewed
along with psychometric battery results and final-
ized at a consensus diagnostic conference attended by
clinicians and psychometricians using the NINCDS-
ADRDA criteria. Individuals classified with MCI are
also assigned an etiologic diagnosis (e.g., probable
AD, cerebrovascular disease, depression). For this
study, we included only MCI individuals with an
etiologic diagnosis of probable AD.

Subjects completed thorough family history
examinations using a standard family history ques-
tionnaire, as has been described elsewhere [8].
Briefly, a family history of dementia included at least
one first-degree relative whose dementia onset was
between the ages of 60 and 80 years. Participants (or
their caregivers in the case of those with aMCI and
AD) self-reported relationships, dates of birth, age at
death, age at onset of disease, and clinical information

of affected and unaffected family members. Subjects
were not included if both of their parents had not lived
to the age at risk of LOAD (i.e., 60 years). Deter-
mination of APOE genotype was performed using
restriction enzyme isotyping on a subgroup of indi-
viduals that had consented for a genetic substudy
(n = 62).

Assessment of cognitive function

The neuropsychological examination included
tests from the Uniform Data Set (UDS) used by
the national ADC network. For our study, we used
sex, age, and education-adjusted scores [36]. We
computed a “global cognition” score by averaging
the normed scores from all individual tests in the
UDS test battery, and “domain” scores by averaging
scores from the UDS tests that fell into the cognitive
domains of Memory (Logical Memory, Immediate
and Delayed Recall), Language (Animal and Veg-
etable Verbal Fluency and Boston Naming Task),
Attention (Digit Span Forward and Digit Span Back-
ward), Executive Function (Trail Making Test B), and
Processing Speed (Trail Making Test A and Digit
Symbol Substitution).

Brain imaging acquisition

All participants underwent magnetic resonance
imaging (MRI) of the brain in either a Siemens
3.0 Tesla Allegra or Skyra scanner. We obtained
a high resolution T1 weighted image (MP-RAGE;
1 × 1 × 1 mm voxels; TR = 2500 ms, TE = 4.38 ms,
TI = 1100, FOV = 256 × 256 with 18% oversample,
1 mm slice thickness, flip angle 8◦) for detailed
anatomy with high gray-white matter contrast. We
obtained a 7-min resting echo planar fMRI scan
(BOLD EPI: 3 × 3 × 3 mm; TR = 3000, TE = 30 ms,
FOV = 448 × 448, 3 mm slice thickness, flip angle
90◦) with the instruction to keep eyes closed and
relax but do not sleep. Every scan was checked for
image artifacts and gross anatomical abnormalities.
The overall time between the cognitive assessment
and brain scans ranged from 4–6 weeks.

Structural data preprocessing and analysis

After the acquisition, all images underwent corti-
cal reconstruction and volumetric segmentation with
the Freesurfer neuroimaging analysis suite, which
is documented and freely available for download
(https://surfer.nmr.mgh.harvard.edu/) and described

https://surfer.nmr.mgh.harvard.edu/
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in prior publications [37]. Each image was then visu-
ally inspected for the quality of the preprocessing and
manually corrected as necessary at multiple stages in
the processing stream. If there were any structural
abnormalities that severely altered the quality of the
segmentations or pial/white matter surfaces after 4
quality checks, those images were excluded.

Measurements of total intracranial, cortical gray
matter, cortical white matter, entorhinal cortex
thickness, hippocampal and amygdala volume, and
hippocampal occupancy score (HOC; an accurate
discriminator of disease state [38]) were calculated
from Freesurfer’s ASEG analysis [39]. All volumes
(except HOC, which is already normalized) were
divided by the total intracranial volume to adjust for
variability due to head size. These normalized vol-
umes were used for between-group comparisons to
evaluate for significant group differences.

Resting state analysis

Functional image processing was performed using
Analysis of Functional NeuroImages (AFNI) [40]
(https://afni.nimh.nih.gov/afni). We employed a rest-
ing state analysis framework as implemented by the
afni restproc.py script distributed with AFNI. Briefly,
we applied slice-timing correction and despiked
the time series. Images were also filtered using
Fast Fourier-Transform based filtering via 3dBand-
pass, from 0.009 to 0.08 Hz. Nuisance signals were
regressed out by creating white matter, grey matter,
and ventricle mask regressors with 3dLocalstat, using
a radius of 20 mm. A motion censoring threshold of
0.3 was applied to the functional images. We then spa-
tially smoothed the BOLD with a 6 mm Full Width
at Half Maximum (FWHM) Gaussian kernel. Seven
regions of interest (ROI; posterior cingulate, ante-
rior cingulate, precuneus, frontal cortex (superior and
middle frontal gyrus), primary motor cortex, infe-
rior parietal cortex, and hippocampus) were created
using segmentations from the anatomical analysis,
created in Freesurfer. In addition to the five individual
regions, an independent DMN mask ROI was cre-
ated from the task-negative network by converting
the surface mapping to an AFNI-style mask using
SUMA [41]. Based on our limited sample size, we
opted to limit our analyses to regions highlighted in
previous work on family history of dementia. Wang
et al. [26] examined a sample of solely cognitively
healthy individuals split into two groups (those with
a family history of dementia and those without). They
identified altered connectivity between the DMN and

medial temporal lobe. Thus, we limited our analyses
to both a standard seed region, bilateral PCC, as well
as bilateral precuneus, both of which act as central
hubs of the DMN. We also chose to seed hippocam-
pus, due to its implicated sensitivity in delineating
early stages of AD [28, 42, 43]. Inter-regional mean
z-transformed correlation coefficients were extracted
for our analyses.

Statistical analyses

SPSS 22.0 (IBM Corp., Armonk, NY) was used for
the statistical analyses performed outside of imaging
space. Continuous demographic, cognitive, and vol-
umetric imaging variables were compared between
the family history groups and between the diagno-
sis groups using the one-way multivariate analysis
of covariance (MANCOVA). A chi-square analy-
sis was used to compare categorical demographic
variables between groups. To test for connectivity dif-
ferences across our four groups (CH FH-, CH FH+,
aMCI, AD), mean z-transformed correlation coeffi-
cient between the seed region and each target ROI
were used as the primary outcome, with age, sex, and
scanner type used as covariates. We tested education
as a covariate but found it did not significantly impact
our results. Education further did not differ between
groups, so we opted to exclude it as a covariate in
our final analysis. Similarly, there were no signifi-
cant differences in the number of APOE4 carriers in
the CH FH- and CH FH+ group. While the AD group
had significantly more APOE4 carriers than the CH
group (p < 0.004), there were only two APOE4 carri-
ers in each of the CH groups. For these reasons, we
excluded APOE4 status in our final analyses.

We first tested differences in FH+ versus FH-
, then overall group differences with the omnibus
MANCOVA. If the primary MANCOVA identified
a significant effect of group, we performed post-
hoc testing using contrast analyses, to evaluate for
significant differences in connectivity across our
groups. Contrasts allow for the testing of differences
between groups, representing linear combinations of
the model parameters. Our primary hypothesis was
that FH+ individuals would have decreased brain vol-
ume and DMN connectivity than FH- individuals, and
that there would be a linear decline within the risk
groups on all measures of AD risk (CH FH- > CH
FH+ > aMCI > AD; contrast 3 1 -1 -3). However, we
explored a secondary hypothesis that there would
be a nonlinear characterization of risk, such that
the FH+ group would exhibit compensatory brain

https://afni.nimh.nih.gov/afni
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Table 1
Demographics and cognitive measures

p p
Demographics ND FH- ND FH+ FH - versus FH+ ND (all) aMCI AD

n 11 14 28 31 25
Age 70.64 (6.5) 70.64 (7.1) 0.998 70.1 (6.5) 72.9 (6.5) 72.3 (8) 0.43
Sex (m/f) (3/8) (4/10) 0.59 8/20 19/12 12/13 0.041
MMSE 29.6 (0.5) 29.3 (1.1) 0.353 29.3 (1.1) 27.8 (1.7) 22.5 (2.7) <0.001
Education 16.45 (0.76) 16.14 (.26) 0.769 16.1 (2.5) 16.4 (3.3) 15.1 (2.5) 0.172
APOE4 Carrier
(none/1 E4/ 2 E4 s)

9/2/0 12/2/0 0.596 23/4/1 15/9/6 5/11/4 0.004

CDR (%0, (100%, (100%, NA (100%, (0%, 100%, (0%, 20%, <0.001
%0.5, %1.0) 0%, 0%) 0%, 0%) 0%, 0%) 0%) 80%)
Cognitive 11 14 27 30 23
Global Cognition 0.161 (0.64) 0.252 (0.47) 0.722 0.178 (0.54) –0.643 (0.60) –1.73 (0.87) <0.001
Memory 0.372 (1.1) 0.794 (1.0) 0.144 0.545 (1.0) –1.31 (1.1) –2.12 (0.76) <0.001
Attention –0.007 (1.1) –0.317 (0.71) 0.370 –0.269 (0.89) –0.481 (0.68) –0.849 (0.97) 0.059
Processing Speed 0.184 (0.88) 0.697 (0.63) 0.122 0.501 (0.74) –0.479 (0.94) –1.7 (2.1) <0.001
Executive Function –0.232 (0.95) –0.027 (1.4) 0.730 –0.060 (1.1) –0.952 (1.7) –2.6 (2.5) <0.001
Language 0.243 (0.97) 0.437 (0.66) 0.430 0.345 (0.77) –0.506 (0.72) –1.17 (0.96) <0.001

changes not predictably intermediate of the aMCI
group (CH FH- < CH FH+ > aMCI > AD; contrast 1 3
-1 -3). For all analyses, results were considered signif-
icant at p < 0.05. Additional post-hoc power analyses
were performed in G*Power 3 to calculate specif-
ically what effect sizes would be necessary to find
significant differences in mean connectivity between
the FH- and FH+ groups. Given an � of 0.05 an
effect size (Cohen’s d) of 1.18 would be required
to meet a power of 80% (1.39 considering mul-
tiple comparisons). Within our direct comparisons
between these two groups, the highest observed effect
size (precuneus-to-left M1) was only d = 0.89, corre-
sponding to an achieved power of 56% (37% when
adjusting for multiple comparisons).

RESULTS

Of the 96 individuals in the KU ADC Clinical
Cohort with resting state images, 7 were excluded
because of incomplete FH data, leaving 89 partic-
ipants. Of those, motion or scanner artifact led to
exclusion of 5 participants from structural analysis
(leaving n = 12 FH+, n = 16 FH-, n = 31 aMCI, n = 25
AD) and 12 from resting state (leaving n = 11 FH+,
n = 14 FH-, n = 32 aMCI, n = 21 AD), and the remain-
der (52) were used for the diagnostic analysis.

Table 1 shows the demographic and cognitive test
measures of all groups. There were no significant
differences between the cognitively healthy family
history groups (FH+ versus FH-) or across the diag-
nostic groups (CH versus MCI versus AD) for age

and years of education. There were more females in
the CH group compared to aMCI and AD groups.
There were no significant differences in the num-
ber of APOE4 carriers in the CH FH- and CH FH+
group. However, the AD group had significantly
more APOE4 carriers than the CH group (p < 0.004).
Despite this, due to the relatively low number of
APOE4 carriers in the two CH groups (two each), we
did not include APOE4 status as a covariate in our
analyses. Individuals with early AD had significantly
lower cognitive scores compared to CH, with aMCI
intermediate in performance, on the UDS Global
Cognition and domain scores. There was no differ-
ence in cognitive performance between FH+ and FH-
group.

Volumetric analysis

Diagnostic group differences (n = 84) were appar-
ent in volumetric measures of overall gray and white
matter, left entorhinal cortex thickness, left amyg-
dala, left and right hippocampus, and left and right
hippocampal occupancy score (Table 2). Post-hoc
contrast analysis demonstrated a linear relationship
for lower volume across risk groups in the (FH-
> FH+ > aMCI > AD), with the strongest finding in
the left and right HOC (p < 0.001). There were sig-
nificant differences in the left and right hippocampus
across the four groups (p < 0.001 on left, p = 0.011 on
right), however not between the CH FH+ and CH FH-
groups (Fig. 1). In our subgroup analyses, there were
no volumetric differences in FH+ and FH- groups
(Table 2).
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Table 2
Volumetric analysis between groups

ND FH- ND FH+ aMCI AD FH- versus FH+ Linear Non-Linear
12 16 31 25 p p p

Gray Matter Volume* 0.413 (0.04) 0.421 (0.03) 0.399 (0.07) 0.315 (0.14) 0.869 0.001 <0.001
White Matter Volume* 0.322 (0.02) 0.325 (0.03) 0.316 (0.04) 0.288 (0.05) 0.935 0.007 0.006
Left Entorhinal Cortex* 0.127 (0.02) 0.139 (0.02) 0.109 (0.02) 0.100 (0.03) 0.122 0.003 <0.001
Right Entorhinal Cortex 0.118 (0.02) 0.126 (0.02) 0.105 (0.02) 0.104 (0.03) 0.379 – –
Left Amygdala* 0.106 (0.02) 0.109 (0.01) 0.092 (0.02) 0.085 (0.02) 0.808 0.002 0.071
Right Amygdala 0.109 (0.02) 0.106 (0.01) 0.093 (0.02) 0.095 (0.03) 0.334 – –
Left Hippocampus 0.271 (0.04) 0.279 (0.03) 0.241 (0.05) 0.209 (0.04) 0.916 0.001 0.000
Right Hippocampus 0.277 (0.03) 0.288 (0.03) 0.248 (0.05) 0.230 (0.05) 0.569 0.011 0.004
Left HOC* 0.890 (0.09) 0.923 (0.04) 0.759 (0.13) 0.668 (0.13) 0.261 <0.001 <0.001
Right HOC* 0.908 (0.05) 0.925 (0.04) 0.766 (0.15) 0.720 (0.13) 0.343 <0.001 <0.001

All units in percent volume, standard deviation in parenthesis. Entorhinal cortex measurement reflects thickness (mm). Hippocampal occu-
pancy score (HOC) is the ratio of hippocampal volume to the sum of hippocampal and inferior lateral ventricle volume. p < 0.05 in bold.
*denotes significance in the omnibus test.

Fig. 1. Hippocampal volume measurements for cognitively
healthy (CH) individuals (with (FH+) and without (FH-) a family
history of late-onset AD, MCI, and AD. Bar graphs show covariate-
adjusted hippocampal volume, normalized for intracranial volume.
No comparisons between groups were significant.

Default mode network connectivity analysis

We first tested differences in FH+ versus FH-, then
overall group differences with an omnibus ANOVA,
controlling for age, sex, and scanner type. If no group
effect was detected, we did not conduct post-hoc con-
trast analysis. If a group effect was detected, we tested
for linear and non-linear contrasts across the 4 groups.
Due to the equal proportion of APOE4 allele and
reduced sample size of CH subjects with an APOE4
genotype (only two in each group), we did not include
it as a covariate in our analyses.

PCC-seed

Analysis of resting-state low-frequency BOLD
signal correlations between diagnostic groups in the

full group of subjects (n = 78) did not identify group-
wise differences in connectivity with the PCC seed,
in either a linear or non-linear approach. However,
PCC-seeded connectivity to the frontal ROI showed
a significant difference between the FH+ and FH-
conditions (p = 0.041). Table 3 includes all seeded
connectivity that displayed significance in an overall
group test, or in a test solely between family history
status (an exhaustive list of all analyses is listed in
Supplementary Table 1).

Hippocampal-seed

In contrast, the omnibus test revealed several
overall diagnostic group differences in hippocampal
seed connectivity, namely between the hippocam-
pus seed and regions including left anterior cingulate
cortex (p = 0.010), left frontal (p = 0.022), left M1
(p = 0.038), and bilateral precuneus (left, p = 0.018;
right, p = 0.008). The hippocampal seed was also
significantly correlated with the DMN as a whole
(p = 0.027). We performed post-hoc contrast anal-
yses, allowing us to test for differences in means
between groups. In our initial contrast analysis, we
tested for a ‘linear trend’ of decreasing connectiv-
ity across diagnostic groups in a stepwise, ordered
fashion (FH- > FH+ > aMCI > AD). However, a ‘non-
linear trend’ of means, where connectivity in the FH+
group was expected to be higher than the FH- group
was a much better fit (FH- > FH+ > aMCI > AD)
for all hippocampus-seeded connectivity. This non-
linear trend for connectivities that emerged as
significant in the FH comparison, or in the overall
MANCOVA, is visualized clearly in Fig. 2 (visual-
ization of all comparisons made across all three seeds
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Table 3
Default mode network analysis between groups

FH- FH+ aMCI AD FH+
versus FH-

Linear FH-
> FH+ >
MCI > AD

Non-Linear
FH+ > FH-
> MCI > AD

PCC SEED
Left frontal 0.309 (0.12) 0.425 (0.16) 0.329 (0.15) 0.305 (0.12) 0.041 – –

HIPPO SEED
Left PreC* 0.405 (0.17) 0.423 (0.18) 0.363 (0.14) 0.259 (0.16) 0.776 0.022 0.009‡
Right PreC* 0.386 (0.16) 0.408 (0.18) 0.349 (0.14) 0.237 (0.17) 0.714 0.018 0.006‡
Left M1* 0.219 (0.12) 0.318 (0.14) 0.238 (0.15) 0.187 (0.13) 0.087 0.205 0.010‡
Left frontal* 0.239 (0.14) 0.324 (0.14) 0.222 (0.13) 0.174 (0.11) 0.142 0.088 0.004‡
Left ACC* 0.281 (0.18) 0.360 (0.15) 0.231 (0.14) 0.190 (0.12) 0.194 0.056 0.004‡
Right DLPFC 0.179 (0.13) 0.302 (0.16) 0.222 (0.15) 0.177 (0.14) 0.027 – –
DMN* 0.278 (0.13) 0.335 (0.15) 0.253 (0.12) 0.194 (0.11) 0.284 0.054 0.005‡

PREC SEED

Right DLPFC* 0.336 (0.12) 0.457 (0.15) 0.368 (0.18) 0.322 (0.14) 0.038 0.391 0.025
Left M1* 0.260 (0.13) 0.392 (0.15) 0.359 (0.19) 0.278 (0.13) 0.036 0.578 0.045
Right hippo* 0.280 (0.12) 0.308 (0.14) 0.261 (0.13) 0.189 (0.09) 0.695 0.039 0.014‡

Values represent mean z-transformed correlation coefficient (standard deviation) between the seed region (capitalized, left aligned) and target
region. PCC, posterior cingulate cortex; hippo, hippocampus; PreC, precuneus; M1, primary motor cortex; ACC, anterior cingulate cortex;
frontal, middle and superior frontal cortex; DLPFC, dorsolateral prefrontal cortex; DMN, default mode network. p < 0.05 in bold. *indicates
significance in the omnibus test. ‡ indicates results that survived multiple comparisons.

is included in Supplementary Figures 1–3). Because
hippocampal volume was significantly decreased in
the AD group compared to CH and aMCI, we did
an additional analysis including hippocampal vol-
ume as a covariate. The results did not change (data
not shown). Despite the significant non-linear fit of
these networks, hippocampus-seeded connectivity to
these regions did not differ between FH groups alone.
However, hippocampus-seeded connectivity to right
DLPFC, which failed the omnibus test for overall
group differences, did display a significant difference
between FH groups alone (p = 0.027).

Precuneus-seed

Precuneus-seeded connectivity to two regions,
right DLPFC and left M1, displayed significance in
both the overall omnibus and subsequent contrast
(non-linear trend) analysis (p = 0.025 and p = 0.045,
respectively). Additionally, a significant difference
between connectivity in these two networks was
found when comparing directly between the FH-
and FH+ groups (precuneus-right DLPFC, p = 0.038;
precuneus-left M1, p = 0.036). While precuneus-
seeded connectivity to right hippocampus showed
significance in the omnibus and post-hoc tests
(p = 0.014), it failed to show FH group differences
(p = 0.695).

DISCUSSION

We hypothesized that cognitively healthy, FH+
individuals would have decreased hippocampal vol-
ume and decreased DMN connectivity, similar
to other AD risk groups [26]. Contrary to our
hypothesis, we found that cognitively healthy, FH+
individuals had no significant volumetric differ-
ences compared to FH- individuals, and actually had
higher DMN connectivity. This trend was most evi-
dent in connectivity between a precuneus seed and
the right DLPFC and left M1. In contrast, MCI
subjects had a distinctly different profile with over-
all decreased DMN connectivity and lower medial
temporal volumes. As expected, we found that
individuals with AD had significantly decreased
medial temporal lobe volume, as well as signifi-
cantly decreased DMN connectivity. Moreover, we
found that hippocampal-seeded connectivity was
significantly more compromised in AD subjects
than PCC-seeded connectivity within the DMN,
and this abnormal connectivity was not completely
attributable to medial temporal structure volume loss.

DMN connectivity across the AD spectrum

We sought to characterize structural and neural net-
work differences between cognitively healthy (both
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Fig. 2. Functional connectivity compared across family history and cognitive impairment groups. Resting state regional connectivity of
all comparisons found to be significant in either the FH direct comparison (t-test) or overall MANCOVA. Bar graphs display the mean
z-transformed correlation coefficients (y-axis), with individual data points plotted. Each panel corresponds to a different seed (A, posterior
cingulate cortex; B, precuneus; C, hippocampus). The x-axis shows which ROI is represented (PCC, posterior cingulate cortex; hippo,
hippocampus; PreC, precuneus; M1, primary motor cortex; ACC, anterior cingulate cortex; frontal, middle and superior frontal cortex;
DLPFC, dorsolateral prefrontal cortex; DMN, default mode network).

high and low risk), aMCI and AD individuals. While
the probing of functional connectivity patterns across
the spectrum of disease are not new, we hoped to
add to this limited body of evidence by including
dementia-free individuals with and without genetic
risk of AD. A large number of studies have shown
that an overall decrease in DMN connectivity is a
hallmark imaging marker for AD [44, 45]. It is com-
plicated to characterize the initial location of network
deterioration along the various stages of AD, and thus
identifying a ‘risk’ biomarker for DMN connectivity
depends on the regions investigated, and the stage
of the disease. For instance, a recent study using left
and right hippocampal ‘seeds’ for DMN connectivity
analysis found that, across several stages of AD, there

was a continuous decrease in connectivity between
the hippocampus and the parietal cortices, namely
in the later stages of AD. In addition, they found
increases in hippocampal-seeded resting state con-
nectivity with the temporal and frontal lobes in aMCI
[42]. Longitudinal studies of the DMN have shown
some initial increases in functional connectivity in the
anterior DMN in AD, followed by decreased func-
tional connectivity in both the anterior and posterior
DMN over time compared to cognitively healthy sub-
jects [46]. In the context of the existing literature, we
suggest that DMN connectivity as measured by func-
tional neuroimaging follows a nonlinear pattern of
change across the risk spectrum [26]. Our work here
highlights differences in precuneus to frontal connec-
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tivity across the full spectrum of AD, along with small
differences in connectivity between the posterior and
frontal cortices.

DMN connectivity between FH groups

A growing number of studies have identified struc-
tural, metabolic, and amyloid-plaque changes in the
posterior cingulate and precuneus, hubs of the DMN
network, in individuals with a family history of AD
[6, 8, 9]. Moreover, otherwise healthy middle-aged
individuals with a maternal family history of AD have
hypoperfusion, a measurement of cerebral blood flow
that indicates the metabolic state in the brain, in the
hippocampus and parieto-temporal regions compared
to those with no family history of AD [47]. As neu-
ropathological changes mount and an individual is
classified as having aMCI, hippocampal-DMN con-
nectivity may remain high or increase [42]. However,
as cognition continues to decline, hippocampal-DMN
connectivity falters, evidenced in individuals in this
study with probable AD.

Results from this study are inconsistent with pre-
vious work demonstrating hippocampal connectivity
differences in at risk individuals. Aside from the right
DLPFC, our hippocampal seed failed to show con-
nectivity differences in a direct comparison of FH- to
FH+, even where the test for the overall non-linear
model of connectivity had suggested increased con-
nectivity in FH+ with decreases as AD progresses.
A recent study on FH and resting state connectivity
with a larger group of cognitively healthy subjects did
not find connectivity differences between the PCC
and medial prefrontal cortex [48]; however, they did
not include the middle frontal and superior frontal
gyri in their regions of interest, as this analysis did.
Some studies have shown that individuals in the
early stages of AD have an increase in connectivity,
albeit temporary, between the PCC and frontal cor-
tex [49] (specifically the left in two studies [50]). A
study on longitudinal changes in the DMN with aging
showed increases in connectivity over the course of
several years across most brain regions in controls
compared to AD subjects, possibly reflecting aging-
related functional compensation that, quite possibly,
is exacerbated, albeit on a small scale, in our at-risk
cognitively healthy subjects [49]. In the present study,
this trend may be mirrored in the results of precuneus-
seeded connectivity to right DLPFC and left M1,
which showed significant increases in FH+ individu-
als as compared to FH- individuals, but which clearly
decreased in MCI and AD groups. That said, the cur-

rent study’s post-hoc exploratory analysis correlating
DMN connectivity with cognitive performance did
not reveal any significant relationship. This was most
likely due to low power to study the FH groups, and
possibly a lack of variance on cognitive scores in
the cognitively healthy group as a whole. Thus, fur-
ther studies will be necessary to clarify the nature
of increased DMN connectivity in family history-
associated AD risk.

Volumetric analysis

Of several volumetric measures chosen for this
study, we found that overall gray matter, left
entorhinal cortex thickness, left amygdala, and bilat-
eral hippocampal occupancy measurements were
significantly decreased in individuals with MCI,
intermediate to individuals with early AD, who had
more decreased volume in all regions investigated.
These regionally specific decreases in volume and
thickness in MCI, in the presence of DMN decreased
connectivity, fit with a growing literature suggesting
an initial decrease in entorhinal cortex thickness in
preclinical AD, accompanied shortly after by DMN
[49]. In light of these progressive processes, we
expected to see decreased entorhinal cortex thickness
in our FH+ individuals; however, there was no rela-
tionship between FH of AD and the medial temporal
lobe in our sample.

In this cross-sectional analysis, we did not identify
significant medial temporal cortex volume or entorhi-
nal cortex thickness differences between FH- and
FH+ cognitively healthy individuals. We and others
have previously reported an effect of a family his-
tory of AD on medial temporal cortex volume, with
mixed results. A recent study in cognitively healthy
individuals did find differences in entorhinal cortex
thickness or hippocampal volume in FH+ and FH-
groups, similar to the current results [26]. In a cross-
sectional study of FH+ individuals, Lampert et al.
[51]. did not find an effect on hippocampal volume;
however, they included CH, MCI, and AD groups
in their analysis. In a previous, larger cross-sectional
study of FH in cognitively healthy subjects (different
cohort than the current study), we found a relationship
of FH with brain volume in several regions (parietal,
frontal, temporal), but not in the hippocampus [8].

There have also been conflicting reports on preclin-
ical atrophy occurring in cognitively healthy, FH+
individuals. For instance, we did find an effect of
FH (namely maternal FH) on parahippocampal atro-
phy in cognitively healthy subjects [5]. Two other
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studies have found significant effects of FH status on
atrophy in the hippocampus, independent of APOE4
[52, 53], the latter study only in cognitively healthy
subjects, and particularly driven by the FH maternal
group. However, a recent study from a large sample
of MCI individuals in the ADNI dataset did not find
any family history-specific effect on regional atro-
phy, neither in the hippocampus or any other region,
that was independent of APOE4 [54]. In this study,
we only analyzed family history data in cognitively
healthy individuals to avoid other confounding vari-
ables associated with MCI and AD that may affect
assumptions about risk, and we did not find an effect
of FH on overall gray or white matter volume, or
volume in the hippocampal, amygdala, or entorhinal
cortex, similar to our cross-sectional study of volume
in a larger sample of cognitively healthy individuals
[8]. Measures of longitudinal atrophy may be more
robust characterizations of AD risk and thus discern-
able in otherwise healthy individuals with a family
history of AD. Moreover, it may be particularly per-
tinent to tease out maternal versus paternal family
history effects, as a majority of studies have pointed
to maternal family history-specific AD biomarkers.

Limitations

Major limitations of this current study include
the small number of subjects in the FH- and FH+
groups and the cross-sectional nature of the study.
We believe the limited sample size restricted our abil-
ity to find significant differences between the FH-
and FH+ that survive multiple comparisons. Post-
hoc power analyses were performed in G*Power 3
to calculate specifically what effect sizes would be
necessary to find significant differences in mean con-
nectivity between the FH- and FH+ groups. Given an
� of 0.05 an effect size (Cohen’s d) of 1.18 would be
required to meet a power of 80% (1.39 considering
multiple comparisons). Within our direct compar-
isons between these two groups, the highest observed
effect size (precuneus-to-left M1) was only d = 0.89,
corresponding to an achieved power of 56% (37%
when adjusting for multiple comparisons). Thus, our
power was likely too limited to detect a meaning-
ful group difference if one indeed existed. Future
studies should prioritize a larger sample size to con-
fidently avoid false negative results, especially when
considering the need for multiple comparisons cor-
rections when investigating multiple seed regions. To
achieve a power of 80% at an effect size of 0.89,
while adjusting for multiple comparisons, a future

study on functional connectivity differences between
FH- and FH+ individuals alone would require an N
of 58. While future studies will need to focus on
replicating these effects in sufficiently large sam-
ples, we believe the results provided here lay the
groundwork for future investigation into early neu-
roimaging changes in those with a family history
of AD.

Due to the small sample size, no direct correla-
tions could be made between the role of APOE4 and
functional or structural differences between the diag-
nosis groups. Moreover, there could be other genetic
factors other than APOE4 that could contribute to
AD-risk related brain change. There are a number
of coordinated brain networks other than the DMN
which we did not analyze in this study, as we wanted
to limit the number of tests run on our small sample
of subjects to the most commonly studied network in
AD [18, 55]. Some of the limitations to this cross-
sectional study include our inability to make causal
or temporal links between imaging phenotypes and
risk or progression of AD, and we are unable to infer
any causality. Our future studies will include other
networks, as well as longitudinal data, to explore and
localize the nature of brain aging in individuals at
risk for AD. We were limited in our characteriza-
tion of family history to a questionnaire; thus, it is
possible that some participants whose parents had
dementia other than AD were included. Ideally, we
would have diagnostic confirmation with neuropatho-
logical examination, however this was not available.
We also recognize that there appears to be a global
connectivity increase (Fig. 1, Supplementary Fig-
ures 1 and 2) across all connectivity values for the
cognitively healthy groups. We would point out that
few of these apparent increases in connectivity are
significant, evident in our model testing.

Conclusions

We present distinct structural and functional brain
imaging profiles for two AD-risk groups; cognitively
healthy, FH+ individuals, and individuals with aMCI.
We identified a nonlinear pattern of hippocampal con-
nectivity to DMN nodes in across the AD spectrum,
with cognitively healthy, FH+ individuals demon-
strating increased connectivity in the DMN, with no
decreases in hippocampal volume or cognitive per-
formance. Precuneus-seeded connectivity to the right
DLPFC and left primary motor cortex differed across
FH- and FH+ individuals without dementia. Individ-
uals at familial risk for AD may be in an intermediate
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stage of risk, possibly exhibiting compensatory brain
activity prior to the level of intermediate decline evi-
dent in individuals with aMCI. Further connectivity
analyses between hippocampus and DMN regions
may ultimately be a more effective biomarker of pre-
clinical change for those at risk for AD due to family
history.
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