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Abstract: Having a parent with Alzheimer’s disease (AD) and related dementias confers a risk for
developing these types of neurocognitive disorders in old age, but the mechanisms underlying this
risk are understudied. Although the hippocampus is often one of the earliest brain regions to undergo
change in the AD process, we do not know how early in the lifespan such changes might occur or
whether they differ early in the lifespan as a function of family history of AD. Using a rare sample,
young adults with a parent with late-onset dementia, we investigated whether brain abnormalities
could already be detected compared with a matched sample. Moreover, we employed simple yet
novel techniques to characterize resting brain activity (mean and standard deviation) and brain
volume in the hippocampus. Young adults with a parent with dementia showed greater resting mean
activity and smaller volumes in the left hippocampus compared to young adults without a parent
with dementia. Having a parent with AD or a related dementia was associated with early aberrations
in brain function and structure. This early hippocampal dysfunction may be due to aberrant neural
firing, which may increase the risk for a diagnosis of dementia in old age.
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1. Introduction

Alzheimer’s disease and related dementias (ADRD) are a public health challenge
due to the incurable nature of these chronic neurocognitive disorders [1,2]. Early stages
of Alzheimer’s disease (AD) are characterized by the aggregation of amyloid-β (Aβ)
plaques and the formation of neurofibrillary tangles in the brain [3,4]. Accumulating evi-
dence suggests that AD begins with neuropathological changes decades before noticeable
symptoms begin [5,6]. One way to better understand the AD process is by investigat-
ing intergenerational factors that confer risk of the disease upon subsequent generations.
The present study takes a lifespan perspective by assessing brain markers in offspring
of parents who have ADRD.

The majority of research bridging links with early progression of AD and inherited
factors have focused on the apolipoprotein E (APOE) gene. People with at least one APOE
ε4 allele sometimes have faster aggregation of Aβ [7,8], more neurodegeneration of brain
structures [9,10], and can have an earlier onset of the disease [11,12]. These findings are
consistent with the idea that among older adults, having the APOE ε4 allele increases the
progression of the disease. Only a few studies have investigated whether this genetic risk
occurs earlier in the lifespan such as in young adulthood. At these younger ages, AD
pathology has not yet accumulated [13] and evidence for differences in brain structure
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due to gene status is mixed [14–16]. However, researchers have been able to find early
effects of genetic status on brain function. A recent review investigating differences in
resting-state connectivity in young and middle-aged adults found some evidence for
increases in functional connectivity in adults at risk for AD (primarily APOE ε4 carriers),
especially in the default mode network (DMN) [17]. However, the authors also noted that
little consensus was found on the directionality of the effects. Similarly, a recent review
investigating risk factors for AD in task-evoked functional magnetic resonance imaging
(fMRI) in older adults found greater activation for APOE ε4 carriers than non-carriers also
in the DMN mostly in the left hemisphere [18]. Importantly, these genetic differences were
also found for mean activation of the hippocampus during a memory task using fMRI in
young adults [15]. Together, these results implicate a clear genetic risk factor that leads to
aberrant functional activity and sometimes smaller brain size as early as young age.

While the APOE ε4 allele appears to be a potential forecaster of AD [19–21], APOE ε4
has been connected to less than 40% of AD cases, suggesting that other reasons, such as
having a family history of AD, might be predictors of the disease on their own [17,22,23].
To date, having a family history of AD has not been studied as much as the risk for having
the APOE ε4 allele. In fact, research investigating both factors has sometimes shown that
impact of a first-degree relative of AD impacts brain structure and brain function to a
larger extent than APOE status alone. These family history effects have been found in
middle-aged and older adults for cortical thickness in the medial temporal lobes [9] and
gray matter volume in frontal, parietal, and temporal cortices [24]. In regard to brain
function, Bassett et al. [25] found that middle-aged and older adults (aged 50–75) with a
parent with AD exhibited increases in task-related brain activity using fMRI in temporal
regions including the hippocampus when controlling for APOE status. More recently,
functional connectivity has also been found to be reduced in the medial temporal lobes
(MTL) in older adults with a family history of AD after controlling for APOE status [26].

These studies point to the possibility that brain activity serves as the earliest marker
of abnormal function and often originates initially in the medial temporal lobe such as
the hippocampus [27]. The hippocampus appears to be selectively vulnerable to AD risk
factors and early AD pathology [18,27–29]. The hippocampus is also highly connected
to the DMN [30–32], where early accumulation of AD pathology and neurodegeneration
occur [28]. However, whether brain activity evidences an increase or decrease and when
in the course of the disease these alterations occur are less clear [17,18]. Sperling and her
colleagues [3,29] have observed that early stages of the disease process (i.e., preclinical
and early mild cognitive impairment [MCI]) are often characterized by increases in MTL
activity, but are characterized by decreases in MTL activity during later stages of the disease
process (i.e., late MCI and AD). Supporting this pattern, greater hippocampal activity at
baseline in older adults has predicted steeper longitudinal declines in cognition [33] and
greater future decline in hippocampal activity, suggesting an inverted “U” pattern of brain
activity in the MTL. A recent review of fMRI studies in older adults suggested that this
pattern might depend on the memory stage being assessed (encoding or retrieval) [18].

The reason for early aberrations in MTL regions is still unknown. One proposal is
that since much of the hyperactivity is found in brain activity while undergoing a memory
task, the increase is compensatory [34]. That is, individuals at risk for AD might need
to recruit regions in the MTL to shore up additional neural resources, which may be
needed when other brain regions are starting to show structural decline. Similar arguments
have been made for increases in brain activity found as a function of normal aging [35].
However, an alternative proposal is that this aberrant activity is a sign of early synaptic
dysfunction and/or inefficiency [36] and might actually be toxic [37,38]. Supporting this
latter idea, increases in AD pathology (e.g., Aβ and tau) have also been linked to aberrant
hyperactivity [39].

Note that while a couple of studies have investigated early-lifespan impacts of APOE
on brain function and structure, studies investigating a family history of AD have been
limited to middle and older ages (ages ≥ 38) [17]. Given that previous research has
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suggested that early stages of AD are characterized by hyperactivity in the hippocampus,
we predicted that this pattern could manifest itself in the resting blood-oxygen-level-
dependent (BOLD) signal. Wig and colleagues [40] have shown how simple measurements
of mean resting BOLD activity in the MTL can be sensitive to individual differences in
episodic memory performance in young adults. However, new research has also suggested
that variability of the BOLD signal could be a novel marker of brain health [41]. One
common measure of variability is the standard deviation of the BOLD signal [42,43],
where a larger standard deviation of the BOLD signal is associated with better health and
cognition [41]. Lastly, we tested whether estimates of hippocampal volume might also be
different between the groups with and without a family history of AD, adding evidence
that these differences are widespread.

We tested these hypotheses in a group of young adults aged 22 to 35 who have a
parent with late-onset ADRD compared with young adults who do not. Given that most
people are middle-aged by the time their parent receive a diagnosis of ADRD, this sample
provides a rare glimpse as to how early such brain aberrations might occur. To the extent
that having a parent with ADRD passes on a genetic risk or encourages an environment
or lifestyle that enhances one’s risk of ADRD, subtle signs of unusual hippocampal brain
activity might already be apparent.

2. Materials and Methods
2.1. Participants

Participants from the Human Connectome Project (HCP) were used. The goals of
the HCP are to explore human brain circuits [44]. Participants were young adults that
were relatively healthy and free of a prior history of significant psychiatric or neurological
illnesses, but could have a history of smoking, heavy drinking, or recreational drug use. All
participants gave their written informed consent for inclusion before they participated in
this study. This study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Ethics Committee of Washington University, St. Louis
and The University of Alabama (IRB#16-OR-292, initially approved on 25 October 2016).

Out of 1094 participants in the full sample with resting-state fMRI data, 14 of the
participants self-reported having at least one parent with ADRD (1 with both parents,
3 with mother only, and 10 with father only). Note that the question posed to participants
was not exclusive to AD because neurologists often do not need to determine a specific
diagnosis to proceed with recommendations, especially given that there is no cure and
only short-term pharmaceutical solutions. We focus on the most-studied brain regions,
which are, in the context of AD, the most common. This group was matched to participants
without a parent with ADRD (see Statistical Analysis section). Sample characteristics can
be found in Table 1.

Table 1. Sample Characteristics.

Parent without AD Parent with AD

N 14 14
Age (years) 28.93 (4.34) 29.86 (4.62)
Age Range 22–35 22–35

Known APOE E4 Positive (N) 2 4
Sex (M/F) 6/8 7/7

Race (White) 79% 79%
Ethnicity (Hispanic) 7% 7%

Education (years) 13.79 (1.67) 13.86 (1.96)
Education Range 11–17 11–17

Employment Status
Not Working 14% 36%

Part Time 43% 14%
Full Time 43% 50%

Parents with Depression 71% 71%
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Table 1. Cont.

Parent without AD Parent with AD

Parents with Bipolar Disorder 36% 29%
Mini_Mental State Exam Score 29.29 (0.91) 29.00 (0.96)
Mini_Mental State Exam Range 27–30 27–30

Reading Ability Score 116.04 (7.31) 116.50 (11.62)
Reading Ability Range 103.51–141.32 100.63–141.32
Verbal Memory Score 35.21 (2.91) 34.92 (3.34)
Verbal Memory Range 30–39 30–39
Visual Memory Score 108.60 (9.70) 107.07 (10.99)
Visual Memory Range 88.97–121.82 87.10–125.71

2.2. Measures of Cognition

While the HCP data include multiple cognitive measures [45], the present study only
reported three measures that were most germane to this study: verbal episodic memory,
visual episodic memory, and reading ability. The Penn Word Memory Test [46] measured
verbal episodic memory by presenting participants with 20 words followed by an old/new
recognition task with 20 additional distractors. The dependent variable included total
number of correct responses. The Picture Sequence test [47] measured visual episodic
memory by presenting participants with 15 pictures of objects and activities that were
thematically related followed by a test that had participants order the pictures in their
correct sequence. The dependent variable is derived from the cumulative number of
adjacent pairs of pictures remembered correctly over 3 learning trials. The Oral Reading
Recognition Test [48] measured reading ability by having participants pronounce low-
frequency words with irregular orthography. The dependent variable included the total
number of correct responses.

2.3. MRI Acquisition and Preprocessing

All data were acquired on a Siemens Skyra 3T scanner housed at Washington Univer-
sity in St. Louis. The scanner had a customized SC72 gradient insert and a customized
body transmitter coil with 56 cm bore size (diffusion: Gmax = 100 mT/m, max slew
rate = 91 mT/m/ms; readout/imaging: Gmax = 42 mT/m, max slew rate = 200 mT/m/ms).
The HCP Skyra had the standard set of Siemen’s shim coils (up to 2nd order) and used
Siemen’s standard 32-channel head coil. BOLD fMRI data were acquired using a T2*-
weighted gradient-echo EPI sequence with 72 axial slices per volume, 104 × 90 matrix
(2.0 × 2.0 × 2.0 mm3), FOV = 208 mm, TE = 33.1 ms, and TR = 720 ms, FA = 52◦. Across
four scanning sessions of 15 min each, a total of 4800 frames were acquired. Participants
were instructed to keep their eyes open and focused on a bright cross hair on a dark back-
ground. Across sessions, oblique axial acquisitions alternated between phase encoding in a
right-to-left direction (two runs) and phase encoding in a left-to-right direction (two runs).

For the brain structure analyses, postprocessed MRI data were used based on FreeSurfer
5.3.0-HCPFreesurfer [44,49]. This pipeline segmented the volume into predefined struc-
tures, reconstructed white and pial cortical surfaces, and performed FreeSurfer’s standard
folding-based surface registration to their surface atlas (fsaverage). To assess hippocampal
volume, a hippocampal occupancy score was created [50] by taking the values for the
left and right hippocampal volumes and dividing them by the sum of the hippocampal
volume and the inferior lateral ventricle volume for each hemisphere, separately. The left
and right hippocampal occupancy scores were then corrected using intracranial volume
estimates from Freesurfer. The hippocampal occupancy score has advantages over sim-
ple measures of hippocampal volume because cross-sectional measures of hippocampus
volume confound baseline levels (i.e., individual difference) with longitudinal change [50].

For the brain function analyses, postprocessed fMRI datasets were used, which con-
sisted of standard processing methods using FSL [51]. Below briefly summarizes the HCP
processing pipeline [49]. First, gradient-nonlinearity-induced distortion was corrected for
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all images. Next, FMRIB’s Linear Image Registration Tool (FLIRT) was used for motion
correction using the single-band reference (SBRef) image as the target. The FSL toolbox
“topup” [52] was used to estimate the distortion field in the functional images. The SBRef
image was used for EPI distortion correction and is registered to the T1w image. One-step
spline resampling from the original EPI frames to MNI space was applied to all transforms.
Lastly, image intensity was normalized to mean of 10,000 and bias field was removed.
Data were cleaned using ICA+FIX [53,54], which included linear detrending, regression of
24 motion parameters, and ICA noise components removed. This method better removes
artifacts than regressing out white matter and/or CSF signal directly, as well as using the
“scrubbing” method [55]. Global signal was not removed.

Left and right hippocampi were used as regions of interest (ROIs) because previous
research has suggested that these regions are some of the first to show differences in brain
activity in the preclinical AD stage [56]. AFNI [57] was used to create the ROIs from the
TT Daemon atlas and ROI placement was adjusted using MRIcron (Figure 1a). AFNI was
again used to extract the mean and standard deviation (after removing the mean) of the
BOLD signal from each ROI in each hemisphere and each of four runs. Data from the four
runs were averaged together.

Figure 1. Functional magnetic resonance imaging (fMRI) measures of left and right hippocampi:
(a) the hippocampal region of interest (ROI); (b) the mean blood-oxygen-level-dependent (BOLD)
signal was greater for young adults who had a parent with Alzheimer’s disease/dementia (AD) than
those without AD in the left hippocampus with the same trends, albeit non-significant, in the right
hippocampus; (c) no significant effects for the standard deviation of the BOLD signal between the
two groups. Brain images represent regions of interest overlaid on a representative younger adult
brain normalized to Montreal Neurological Institute (MNI) space. Error bars represent the standard
error of the mean (SEM).

2.4. Statistical Analyses

Propensity score matching [58] was used to match the two groups of participants
(young adults with a parent with ADRD and those without). This procedure reduces con-
founds between the comparison groups of interest and is especially suitable for matching
uneven sample sizes [59]. First, the entire sample of participants was reduced to only those
participants who self-reported having a parent with ADRD. The remaining participants
were then matched to this group by creating propensity scores using the MatchIt pack-
age [60] in R. Propensity scores were calculated using a logistic regression using Parent with
ADRD as the dependent variable and the matching factors of interest as the independent
variables: age, years of education, race (non-White, White), ethnicity (non-Hispanic, His-
panic), employment status (not working, part-time employment, full-time employment),
number of parents with depression, number of parents with bipolar disorder, sex, and
reading ability. The propensity score for each individual was calculated using the person’s
predicted probability of having a parent with ADRD, given the estimates from the logistic
regression model. Then, pairs of observations that had similar propensity scores, but
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differed in parental history of ADRD, were matched using the nearest neighbor method,
which matched the closest control for each treated unit one at a time [61].

Independent t-tests were conducted on demographic factors to ensure appropriate
matching. To determine how brain activity differed between groups, independent t-tests
were conducted on (1) the mean BOLD signal and (2) the standard deviation of the BOLD
signal for each hemisphere. To determine how brain volume differed between groups, the
same analyses also were conducted on the hippocampal occupancy scores. Analyses were
also conducted to test whether verbal and visual episodic memory performance differed
between groups, also using independent t-tests. We used t-tests rather than analyses of
variance due to the small sample size and our a priori predictions.

3. Results
3.1. Sample Characteristics

Independent t-tests were conducted on the sample characteristics to identify any group
differences (see Table 1). No group differences were found (p > 0.26).

3.2. Hippocamal Brain Activity

As shown in Figure 1b, the mean BOLD signal was greater in the hippocampus
for young adults who had a parent with ADRD compared with those without a parent
with ADRD. Supporting these observations, we found a significant group difference in
the mean BOLD signal for the left hippocampus (t(26) = 2.27, SEM = 175.98, p = 0.032,
95% CI = [38.20, 761.66]). We found no significant difference between groups for the right
hippocampus, although the direction of the pattern was the same (t(26) = 1.33, SEM = 213.07,
p = 0.20, 95% CI = [−155.19, 720.76]). The standard deviation of the BOLD signal across
the regions was numerically reduced in young adults with a parent with AD compared
with those without a parent with AD (Figure 1c). However, none of these group differences
were significant (p > 0.28).

3.3. Hippocampal Volume

As shown in Figure 2a, the left hippocampal occupancy score was smaller in young
adults with a parent with ADRD compared to those without a parent with ADRD
(t(26) = 2.13, SEM = 0.011, p = 0.042, 95% CI = [0.001, 0.045]). No significant difference
was found for the right hippocampal occupancy score (t(26) = 1.76, SEM = 0.009, p = 0.091,
95% CI = [−0.034, 0.003]). Given these laterality differences, a laterality index was created
[(left − right)/(left + right)] and the group differences were highly significant using this
index score (t(26) = 3.49, SEM = 0.006, p = 0.002, 95% CI = [0.009, 0.033]).

Figure 2. Hippocampal volume differences in young adults with and without a parent with ADRD:
(a) a representative sample of hippocampal volume differences between the two groups with the left
anatomical brain image showing a young adult with a parent with AD that has an enlarged inferior
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lateral ventricle and smaller hippocampus than the young adult on the right; (b) a bar graph showing
that young adults with a parent with Alzheimer’s disease/dementia (AD) had smaller hippocam-
pal occupancy scores [hippocampal volume/(hippocampal volume + inferior lateral ventricle)]
than young adults with a parent without AD. No differences were found for the right hippocam-
pus. Error bars represent the standard error of the mean (SEM). ILV = inferior lateral ventricle;
HC = hippocampus; L = left; R = right.

4. Discussion

In the present study, we investigated possible early markers of brain abnormalities
in young adults aged 22–35 who had a parent with ADRD. We found two key differences
in those with and without a parent with ADRD. First, we found that resting brain activity
was higher in young adults with a parent with ADRD than young adults without a parent
with ADRD. Second, we found that hippocampal volume, as estimated by hippocampal
occupancy scores, was smaller in young adults with a parent with ADRD than those
without. These findings are the youngest reported differences in the literature between
those with and without a family history of ADRD and suggest that having a family member
with ADRD changes the neurobiology of one’s offspring much earlier than previously
known, thus putting them at risk for later development of the disease. This new knowledge
critically impacts the age at which lifestyle interventions might be implemented to alter the
course of potential subsequent cognitive decline.

Because of the small sample size of each group, we chose to take a region of interest
approach to test this idea in the most well-known brain region that declines in AD: the
hippocampus [56,62]. The hippocampus also serves as a key site for the formation and
retrieval of episodic memory [63]. We found converging evidence for the role of early
hippocampal aberrations in the form of increased resting state activity (i.e., hyperactiv-
ity). Importantly, given the young age of the participants, it is highly unlikely that these
early abnormalities were the result of substantial accumulation of pathology (Aβ or tau).
Tau pathology, in particular, first accumulates in the MTL [64,65] and this accumulation
has been speculated to lead to abnormalities in MTL brain function [66]. If this aberra-
tion in brain function does occur before pathology, then changes in functional activity
might be the driving force of further neurodegeneration and future impairments in cogni-
tion as argued by the Cascading Network Failure Hypothesis [67]. However, follow-up
studies combining similar early functional abnormalities and measures of tau are needed
to confirm whether early MTL abnormalities in brain function can occur in the absence
of concomitant tau accumulation.

The present study also aimed to test whether potential early abnormalities might be
evident in temporal fluctuations of the BOLD signal as measured by standard deviation
metrics (BOLD SD). Such measures of temporal fluctuations are novel and quickly growing
to suggest that they might be used as a marker of brain health [41,42]. In addition to being
a general marker of brain health, some researchers have proposed that early aberrations in
hippocampal functioning might be due to an overactive or “noisy” system at rest [66,67].
To the extent that additional baseline noise might be captured by temporal variability,
BOLD SD has potential to capture this dynamic function. While these novel markers show
promise in other studies, they did not seem to be as sensitive as more traditional measures
of mean activity in the present study. One possibility is that a difference in BOLD SD
is a better marker of cognitive-aging processes than AD-related processes. Indeed, most
research utilizing BOLD SD as an outcome measure has been in studies of normal cognitive
aging [42,68]. Consistent with the notion of an age-specific sensitivity, a recent study found
correlations between BOLD SD and age in a normal control sample, but not in a sample
with a neurodevelopmental disorder [69].

We also found that family history of ADRD was associated with differences in brain
structure. Studies investigating early genetic risk factors of AD in young adults have
not consistently found differences in brain structure. Unlike those previous studies, we
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were able to detect abnormalities in hippocampal volume that were in the same region
as the differences we found for brain function. Several factors may explain why we were
able to find volume differences between these two groups. First, having a family history
of ADRD sometimes reveals stronger effects than having the APOE ε4 allele, potentially
making family history a more sensitive risk factor to detect alterations in brain structure
than having the APOE ε4 allele. Second, our measure of hippocampal volume consisted
of a ratio score that considered both the volumes of the inferior lateral ventricle and the
hippocampus, called a hippocampal occupancy score. This score has been argued to be
more sensitive to atrophy in a cross-sectional sample in relation to the progression of
neurodegeneration [50]. The idea behind the creation of this score is that a fully intact
hippocampus should occupy the majority of the space in the medial temporal lobe, with
minimal enlargement of the surrounding ventricle. In contrast, as the hippocampus begins
to deteriorate, the surrounding ventricle expands, thus occupying more space. Thus, this
measure estimates the potential size of the hippocampus and, as in previous research,
appears to be a sensitive indicator of early hippocampal decline [50]. Measures of white-
matter integrity might also be a sensitive measure to detect such differences. Recently,
structural connectivity analyses were shown to be reduced in middle-aged adults with a
family history of ADRD in networks connected to the MTL [70].

In regard to the findings of hyperactivity, previous research investigating preclinical
stages of AD and MCI has demonstrated hyperactivity in the hippocampus. However, a
debate surrounds whether this hyperactivity is beneficial or detrimental to an individual.
Some initial hypotheses proposed that the increased activity might serve a compensatory
role in early stages of the disease [29,34]. Evidence for this idea comes, in part, from
older adults with MCI that have smaller hippocampal volumes and greater hippocampal
brain activation than older adults in similar stages, but no differences in episodic memory
performance. In other words, greater brain activity may help ameliorate declines in memory
performance that should be seen due to atrophy in the hippocampus. These findings
in older adults resemble the findings here in younger adults: having a family history
of ADRD is also associated with smaller hippocampal volumes and increases in brain
activity in the hippocampus, but no differences in memory performance. However, these
patterns do not necessitate that the processes are related to one another. Furthermore,
compensatory arguments have been based on studies that use event-related fMRI and
found such hyperactivity during successful memory trials. Because we found hyperactivity
at rest rather than during successful task performance, no active compensatory processes
would likely be occurring.

In contrast, more recent studies have proposed that such hyperactivity may signal
the beginning stages of hippocampal failure [29,67,71]. While many potential mechanisms
at the neural level have been proposed to explain the deleterious view of hippocampal
hyperactivity, one popular hypothesis points to the role of metabolic demands in specific
brain regions such as the hippocampus. Specifically, some brain regions are highly con-
nected to other brain regions, thus serving as “hubs.” Many of these regions overlap with
the DMN. Repetitive or sustained use of these hubs requires extra metabolic demands,
which might then lead to relatively more wear and tear than non-hub regions. It has been
argued that this overuse might make these regions more vulnerable to downstream cellular
and molecular consequences related to AD, including Aβ deposition [27,67]. Alternative
models of detrimental hyperactivity have been proposed including an excitation/inhibition
imbalance [36–38]. Such models propose that accumulation of Aβ deposition is the progen-
itor of these effects. Given that young adults likely have not accumulated Aβ deposition
yet, the present findings argue against these models.

These hypotheses are difficult to disentangle because elevations of the BOLD signal
are potentially confounded by age or disease-related changes that are non-neural in origin.
For example, both age and disease can impact the coupling between neural activity and the
vascular system—which is what the BOLD signal capitalizes on [72]. Alternatively, changes
in resting hypoperfusion and metabolism might lead to an increased BOLD signal [73].
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Thus, hyperactivity found in older adults might not be a sign of compensation or abnormal
hippocampal functioning at all. However, by studying young adults, these confounds can
be minimized. The findings in the present study provide evidence that hyperactivity can
be found in relation to potential pathological processes (i.e., the risk conferred by having
a parent with ADRD) when likely not confounded by non-neural effects. In light of this
rationale, we believe our findings support the deleterious role of hyperactivity.

Despite the new insights that this study provides, it does have several limitations. As
mentioned above, the primary limitation is the small sample size. Out of over a thousand
recruited participants within the age range of 22–35, only 14 had a parent with AD. While
the sample size is quite small, this population is also very unique. Not many young adults
already have a parent with ADRD. To minimize type I errors due to small sample sizes, we
took an a priori ROI approach targeting only one brain region theorized to be involved in
the earliest stages of AD. In addition, we created a control group using propensity score
matching, which has shown to be effective in reducing confounds between the comparison
groups of interest and is especially suitable for matching uneven sample sizes [59]. Another
limitation of the small sample size is the inability to differentiate between maternal and
paternal family history of ADRD. Lastly, participants self-reported having a parent with
ADRD and were not required to provide a confirmed medical diagnosis. Thus, future
studies of this kind would benefit from verified medical diagnosis.

5. Conclusions

The present study suggests that even young adults with a parent with ADRD show
signs of abnormal hippocampal brain functioning and smaller hippocampal volumes.
These patterns resemble those of older adults in early stages of AD, suggesting a very
high risk for developing ADRD in the future and potential accelerated brain aging [74].
This study provides evidence that fMRI during rest has the potential to serve as an early
biomarker of disease progression and can be used to detect at-risk individuals for late-life
dementia. Moreover, the present findings suggest that lifestyle interventions should be
implemented in people with a family history of ADRD much earlier in life than previously
believed. However, unlike the unique population tested here, most individuals will not
know whether they are at risk until middle age when their parents are old enough to show
differential signs of “normal aging” and “pathological aging” such as AD. Thus, by the
time people are aware that they are at risk, their brains might already evidence aberrations
in both brain function and brain size in one of the most well-known regions to decline early
in AD—the hippocampus.

Author Contributions: Conceptualization, I.M.M.; methodology, I.M.M.; formal analysis, C.M.,
M.K.M. and I.M.M.; data curation, I.M.M. and C.R.M.; writing—original draft preparation, I.M.M.,
M.B.B. and S.K.L.; writing—review and editing, I.M.M., M.B.B., S.K.L. and R.S.A.; visualization,
I.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: Data were taken from the Human Connectome Project, WU-Minn Consortium (Principal
Investigators: David Van Essen and Kamil Ugurbil). This work was supported by the National
Institutes of Health Centers that support the NIH Blueprint for Neuroscience Research [grant numbers
1U54MH091657]; the McDonnell Center for Systems Neuroscience at Washington University.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of Washington University, St.
Louis and The University of Alabama.

Informed Consent Statement: All subjects gave their written informed consent for inclusion before
they participated in this study.

Data Availability Statement: Young adult data from the Human Connectome Project are publicly
available at https://www.humanconnectome.org/study/hcp-young-adult/data-releases/ accessed
on 01 March 2017.

https://www.humanconnectome.org/study/hcp-young-adult/data-releases/


Brain Sci. 2022, 12, 496 10 of 13

Acknowledgments: Aspects of these data were presented at the 2018 Cognitive Aging Conference in
Atlanta, Georgia. We thank Gérard Bischof for comments on an early draft.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Cho, H.; Seo, S.W.; Kim, J.H.; Kim, C.; Ye, B.S.; Kim, G.H.; Noh, Y.; Kim, H.J.; Yoon, C.W.; Seong, J.K.; et al. Changes in subcortical

structures in early- versus late-onset Alzheimer’s disease. Neurobiol. Aging 2013, 34, 1740–1747. [CrossRef]
2. Sperling, R.A.; Jack, C.R., Jr.; Aisen, P.S. Testing the right target and right drug at the right stage. Sci Transl. Med. 2011, 3, 111cm33.

[CrossRef] [PubMed]
3. Sperling, R.A.; Aisen, P.S.; Beckett, L.A.; Bennett, D.A.; Craft, S.; Fagan, A.M.; Iwatsubo, T.; Jack, C.R.; Kaye, J.; Mon-

tine, T.J.; et al. Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from the National Insti-
tute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011, 7, 280–292. [CrossRef] [PubMed]

4. Jack, C.R., Jr.; Knopman, D.S.; Jagust, W.J.; Petersen, R.C.; Weiner, M.W.; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.J.; Weigand,
S.D.; et al. Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of dynamic biomarkers.
Lancet Neurol. 2013, 12, 207–216. [CrossRef]

5. Ohm, T.G.; Müller, H.; Braak, H.; Bohl, J. Close-meshed prevalence rates of different stages as a tool to uncover the rate of
Alzheimer’s disease-related neurofibrillary changes. Neuroscience 1995, 64, 209–217. [CrossRef]

6. Braak, E.; Griffing, K.; Arai, K.; Bohl, J.; Bratzke, H.; Braak, H. Neuropathology of Alzheimer’s disease: What is new since A.
Alzheimer? Eur. Arch. Psychiatry Clin. Neurosci. 1999, 249, 14–22. [CrossRef] [PubMed]

7. Schmechel, D.E.; Saunders, A.M.; Strittmatter, W.J.; Crain, B.J.; Hulette, C.M.; Joo, S.H.; Pericak-Vance, M.A.; Goldgaber, D.; Roses,
A.D. Increased amyloid beta-peptide deposition in cerebral cortex as a consequence of apolipoprotein E genotype in late-onset
Alzheimer disease. Proc. Natl. Acad. Sci. USA 1993, 90, 9649–9653. [CrossRef] [PubMed]

8. Ramanan, V.K.; Risacher, S.L.; Nho, K.; Kim, S.; Swaminathan, S.; Shen, L.; Foroud, T.M.; Hakonarson, H.; Huentelman, M.J.;
Aisen, P.S.; et al. APOE and BCHE as modulators of cerebral amyloid deposition: A florbetapir PET genome-wide association
study. Mol. Psychiatry 2014, 19, 351–357. [CrossRef]

9. Donix, M.; Burggren, A.C.; Suthana, N.A.; Siddarth, P.; Ekstrom, A.D.; Krupa, A.K.; Jones, M.; Martin-Harris, L.; Ercoli, L.M.;
Miller, K.J.; et al. Family history of Alzheimer’s disease and hippocampal structure in healthy people. Am. J. Psychiatry
2010, 167, 1399–1406. [CrossRef]

10. Schuff, N.; Woerner, N.; Boreta, L.; Kornfield, T.; Shaw, L.M.; Trojanowski, J.Q.; Thompson, P.M.; Jack, C.R., Jr.; Weiner, M.W.
Alzheimer’s; Disease Neuroimaging Initiative MRI of hippocampal volume loss in early Alzheimer’s disease in relation to ApoE
genotype and biomarkers. Brain 2009, 132, 1067–1077. [CrossRef]

11. Corder, E.H.; Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C.; Small, G.; Roses, A.D.; Haines, J.L.; Pericak-
Vance, M.A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science
1993, 261, 921–923. [CrossRef] [PubMed]

12. Jack, C.R., Jr.; Wiste, H.J.; Vemuri, P.; Weigand, S.D.; Senjem, M.L.; Zeng, G.; Bernstein, M.A.; Gunter, J.L.; Pankratz, V.S.; Aisen,
P.S.; et al. Brain beta-amyloid measures and magnetic resonance imaging atrophy both predict time-to-progression from mild
cognitive impairment to Alzheimer’s disease. Brain 2010, 133, 3336–3348. [CrossRef] [PubMed]

13. Rodrigue, K.M.; Kennedy, K.M.; Devous, M.D.; Rieck, J.R.; Hebrank, A.C.; Diaz-Arrastia, R.; Mathews, D.; Park, D.C. Amyloid
burden in healthy aging: Regional distribution and cognitive consequences. Neurology 2012, 78, 387–395. [CrossRef] [PubMed]

14. Dowell, N.G.; Evans, S.L.; Tofts, P.S.; King, S.L.; Tabet, N.; Rusted, J.M. Structural and resting-state MRI detects regional
brain differences in young and mid-age healthy APOE-e4 carriers compared with non-APOE-e4 carriers. NMR Biomed.
2016, 29, 614–624. [CrossRef] [PubMed]

15. Filippini, N.; MacIntosh, B.J.; Hough, M.G.; Goodwin, G.M.; Frisoni, G.B.; Smith, S.M.; Matthews, P.M.; Beckmann, C.F.;
Mackay, C.E. Distinct patterns of brain activity in young carriers of the APOE-epsilon4 allele. Proc. Natl. Acad. Sci. USA
2009, 106, 7209–7214. [CrossRef] [PubMed]

16. Okonkwo, O.C.; Xu, G.; Dowling, N.M.; Bendlin, B.B.; Larue, A.; Hermann, B.P.; Koscik, R.; Jonaitis, E.; Rowley, H.A.; Carlsson,
C.M.; et al. Family history of Alzheimer disease predicts hippocampal atrophy in healthy middle-aged adults. Neurology
2012, 78, 1769–1776. [CrossRef] [PubMed]

17. Kucikova, L.; Goerdten, J.; Dounavi, M.E.; Mak, E.; Su, L.; Waldman, A.D.; Danso, S.; Muniz-Terrera, G.; Ritchie, C.W. Resting-state
brain connectivity in healthy young and middle-aged adults at risk of progressive Alzheimer’s disease. Neurosci. Biobehav. Rev.
2021, 129, 142–153. [CrossRef]

18. McDonough, I.M.; Festini, S.B.; Wood, M.M. Risk for Alzheimer’s disease: A review of long-term episodic memory encoding and
retrieval fMRI studies. Ageing Res. Rev. 2020, 62, 101133. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2013.01.001
http://doi.org/10.1126/scitranslmed.3002609
http://www.ncbi.nlm.nih.gov/pubmed/22133718
http://doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://doi.org/10.1016/S1474-4422(12)70291-0
http://doi.org/10.1016/0306-4522(95)90397-P
http://doi.org/10.1007/PL00014168
http://www.ncbi.nlm.nih.gov/pubmed/10654095
http://doi.org/10.1073/pnas.90.20.9649
http://www.ncbi.nlm.nih.gov/pubmed/8415756
http://doi.org/10.1038/mp.2013.19
http://doi.org/10.1176/appi.ajp.2010.09111575
http://doi.org/10.1093/brain/awp007
http://doi.org/10.1126/science.8346443
http://www.ncbi.nlm.nih.gov/pubmed/8346443
http://doi.org/10.1093/brain/awq277
http://www.ncbi.nlm.nih.gov/pubmed/20935035
http://doi.org/10.1212/WNL.0b013e318245d295
http://www.ncbi.nlm.nih.gov/pubmed/22302550
http://doi.org/10.1002/nbm.3502
http://www.ncbi.nlm.nih.gov/pubmed/26929040
http://doi.org/10.1073/pnas.0811879106
http://www.ncbi.nlm.nih.gov/pubmed/19357304
http://doi.org/10.1212/WNL.0b013e3182583047
http://www.ncbi.nlm.nih.gov/pubmed/22592366
http://doi.org/10.1016/j.neubiorev.2021.07.024
http://doi.org/10.1016/j.arr.2020.101133


Brain Sci. 2022, 12, 496 11 of 13

19. Martinez, M.; Campion, D.; Brice, A.; Hannequin, D.; Dubois, B.; Didierjean, O.; Michon, A.; Thomas-Anterion, C.; Puel, M.;
Frebourg, T.; et al. Apolipoprotein E ε4 allele and familial aggregation of Alzheimer disease. Arch. Neurol. 1998, 55, 810–816.
[CrossRef]

20. Green, R.C.; Cupples, L.A.; Go, R.; Benke, K.S.; Edeki, T.; Griffith, P.A.; Williams, M.; Hipps, Y.; Graff-Radford, N.; Bach-
man, D.; et al. Risk of dementia among white and African American relatives of patients with Alzheimer disease. JAMA
2002, 287, 329–336. [CrossRef]

21. Cupples, L.A.; Farrer, L.A.; Sadovnick, A.D.; Relkin, N.; Whitehouse, P.; Green, R.C. Estimating risk curves for first-degree
relatives of patients with Alzheimer’s disease: The REVEAL study. Genet. Med. 2004, 6, 192–196. [CrossRef] [PubMed]

22. Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.; George-Hyslop, P.S.; Pericak-Vance, M.A.; Joo, S.H.; Rosi, B.L.; Gusella, J.F.;
Crapper-MacLachlan, D.R.; Alberts, M.J.; et al. Association of apolipoprotein E allele œµ4 with late-onset familial and sporadic
Alzheimer’s disease. Neurology 1993, 43, 1467–1472. [CrossRef]

23. Slooter, A.J.; Cruts, M.; Kalmijn, S.; Hofman, A.; Breteler, M.M.; Van Broeckhoven, C.; van Duijn, C.M. Risk estimates of dementia
by apolipoprotein E genotypes from a population-based incidence study: The Rotterdam Study. Arch. Neurol. 1998, 55, 964–968.
[CrossRef] [PubMed]

24. Berti, V.; Mosconi, L.; Glodzik, L.; Li, Y.; Murray, J.; De Santi, S.; Pupi, A.; Tsui, W.; De Leon, M.J. Structural brain changes in
normal individuals with a maternal history of Alzheimer’s. Neurobiol. Aging 2011, 32, 2325.e17–2325.e26. [CrossRef] [PubMed]

25. Bassett, S.S.; Yousem, D.M.; Cristinzio, C.; Kusevic, I.; Yassa, M.A.; Caffo, B.S.; Zeger, S.L. Familial risk for Alzheimer’s disease
alters fMRI activation patterns. Brain 2006, 129, 1229–1239. [CrossRef] [PubMed]

26. Wang, L.; Roe, C.M.; Snyder, A.Z.; Brier, M.R.; Thomas, J.B.; Xiong, C.; Benzinger, T.L.; Morris, J.C.; Ances, B.M. Alzheimer disease
family history impacts resting state functional connectivity. Ann. Neurol. 2012, 72, 571–577. [CrossRef] [PubMed]

27. McDonough, I.M.; Allen, R.S. Biological markers of aging and mental health: A seed and soil model of neurocognitive disorders.
Aging Ment. Health 2019, 23, 793–799. [CrossRef] [PubMed]

28. Buckner, R.L.; Sepulcre, J.; Talukdar, T.; Krienen, F.M.; Liu, H.; Hedden, T.; Andrews-Hanna, J.R.; Sperling, R.A.; Johnson, K.A.
Cortical hubs revealed by intrinsic functional connectivity: Mapping, assessment of stability, and relation to Alzheimer’s disease.
J. Neurosci. 2009, 29, 1860–1873. [CrossRef]

29. Sperling, R.A.; Dickerson, B.C.; Pihlajamaki, M.; Vannini, P.; LaViolette, P.S.; Vitolo, O.V.; Hedden, T.; Becker, J.A.; Rentz, D.M.;
Selkoe, D.J.; et al. Functional alterations in memory networks in early Alzheimer’s disease. Neuromolecular Med. 2010, 12, 27–43.
[CrossRef]

30. Greicius, M.D.; Srivastava, G.; Reiss, A.L.; Menon, V. Default-mode network activity distinguishes Alzheimer’s disease from
healthy aging: Evidence from functional MRI. Proc. Natl. Acad. Sci. USA 2004, 101, 4637–4642. [CrossRef]

31. Vincent, J.L.; Snyder, A.Z.; Fox, M.D.; Shannon, B.J.; Andrews, J.R.; Raichle, M.E.; Buckner, R.L. Coherent spontaneous activity
identifies a hippocampal-parietal memory network. J. Neurophysiol. 2006, 96, 3517–3531. [CrossRef]

32. Westlye, E.T.; Lundervold, A.; Rootwelt, H.; Lundervold, A.J.; Westlye, L.T. Increased hippocampal default mode synchro-
nization during rest in middle-aged and elderly APOE Œµ4 carriers: Relationships with memory performance. J. Neurosci.
2011, 31, 7775–7783. [CrossRef] [PubMed]

33. Miller, S.L.; Fenstermacher, E.; Bates, J.; Blacker, D.; Sperling, R.A.; Dickerson, B.C. Hippocampal activation in adults with
mild cognitive impairment predicts subsequent cognitive decline. J. Neurol. Neurosurg. Psychiatry 2008, 79, 630–635. [CrossRef]
[PubMed]

34. Dickerson, B.C.; Sperling, R.A. Functional abnormalities of the medial temporal lobe memory system in mild cognitive impairment
and Alzheimer’s disease: Insights from functional MRI studies. Neuropsychologia 2008, 46, 1624–1635. [CrossRef] [PubMed]

35. Park, D.C.; McDonough, I.M. The dynamic aging mind: Revelations from functional neuroimaging research. Perspect. Psychol. Sci.
2013, 8, 62–67. [CrossRef]

36. Stern, E.A.; Bacskai, B.J.; Hickey, G.A.; Attenello, F.J.; Lombardo, J.A.; Hyman, B.T. Cortical synaptic integration in vivo is
disrupted by amyloid-Œ≤ plaques. J. Neurosci. 2004, 24, 4535–4540. [CrossRef]

37. Busche, M.A.; Eichhoff, G.; Adelsberger, H.; Abramowski, D.; Wiederhold, K.H.; Haass, C.; Staufenbiel, M.; Konnerth, A.;
Garaschuk, O. Clusters of hyperactive neurons near amyloid plaques in a mouse model of Alzheimer’s disease. Science
2008, 321, 1686–1689. [CrossRef]

38. Palop, J.J.; Chin, J.; Roberson, E.D.; Wang, J.; Thwin, M.T.; Bien-Ly, N.; Yoo, J.; Ho, K.O.; Yu, G.Q.; Kreitzer, A.; et al. Aberrant
excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits in mouse models of Alzheimer’s
disease. Neuron 2007, 55, 697–711. [CrossRef]

39. Small, S.A. Isolating pathogenic mechanisms embedded within the hippocampal circuit through regional vulnerability. Neuron
2014, 84, 32–39. [CrossRef]

40. Wig, G.S.; Grafton, S.T.; Demos, K.E.; Wolford, G.L.; Petersen, S.E.; Kelley, W.M. Medial temporal lobe BOLD activity at rest
predicts individual differences in memory ability in healthy young adults. Proc. Natl. Acad. Sci. USA 2008, 105, 18555–18560.
[CrossRef]

41. Grady, C. The cognitive neuroscience of ageing. Nat. Rev. Neurosci. 2012, 13, 491–505. [CrossRef] [PubMed]
42. Garrett, D.D.; Kovacevic, N.; McIntosh, A.R.; Grady, C.L. Blood oxygen level-dependent signal variability is more than just noise.

J. Neurosci. 2010, 30, 4914–4921. [CrossRef] [PubMed]

http://doi.org/10.1001/archneur.55.6.810
http://doi.org/10.1001/jama.287.3.329
http://doi.org/10.1097/01.GIM.0000132679.92238.58
http://www.ncbi.nlm.nih.gov/pubmed/15266206
http://doi.org/10.1212/WNL.43.8.1467
http://doi.org/10.1001/archneur.55.7.964
http://www.ncbi.nlm.nih.gov/pubmed/9678314
http://doi.org/10.1016/j.neurobiolaging.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21316814
http://doi.org/10.1093/brain/awl089
http://www.ncbi.nlm.nih.gov/pubmed/16627465
http://doi.org/10.1002/ana.23643
http://www.ncbi.nlm.nih.gov/pubmed/23109152
http://doi.org/10.1080/13607863.2018.1531383
http://www.ncbi.nlm.nih.gov/pubmed/30449142
http://doi.org/10.1523/JNEUROSCI.5062-08.2009
http://doi.org/10.1007/s12017-009-8109-7
http://doi.org/10.1073/pnas.0308627101
http://doi.org/10.1152/jn.00048.2006
http://doi.org/10.1523/JNEUROSCI.1230-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21613490
http://doi.org/10.1136/jnnp.2007.124149
http://www.ncbi.nlm.nih.gov/pubmed/17846109
http://doi.org/10.1016/j.neuropsychologia.2007.11.030
http://www.ncbi.nlm.nih.gov/pubmed/18206188
http://doi.org/10.1177/1745691612469034
http://doi.org/10.1523/JNEUROSCI.0462-04.2004
http://doi.org/10.1126/science.1162844
http://doi.org/10.1016/j.neuron.2007.07.025
http://doi.org/10.1016/j.neuron.2014.08.030
http://doi.org/10.1073/pnas.0804546105
http://doi.org/10.1038/nrn3256
http://www.ncbi.nlm.nih.gov/pubmed/22714020
http://doi.org/10.1523/JNEUROSCI.5166-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20371811


Brain Sci. 2022, 12, 496 12 of 13

43. Samanez-Larkin, G.R.; Kuhnen, C.M.; Yoo, D.J.; Knutson, B. Variability in nucleus accumbens activity mediates age-related
suboptimal financial risk taking. J. Neurosci. 2010, 30, 1426–1434. [CrossRef] [PubMed]

44. Van Essen, D.C.; Smith, S.M.; Barch, D.M.; Behrens, T.E.; Yacoub, E.; Ugurbil, K.; for the Wu-Minn HCP Consortium. The
WU-Minn human connectome project: An overview. Neuroimage 2013, 80, 62–79. [CrossRef] [PubMed]

45. Barch, D.M.; Burgess, G.C.; Harms, M.P.; Petersen, S.E.; Schlaggar, B.L.; Corbetta, M.; Glasser, M.F.; Curtiss, S.; Dixit, S.; Feldt,
C.; et al. Function in the human connectome: Task-fMRI and individual differences in behavior. Neuroimage 2013, 80, 169–189.
[CrossRef]

46. Gur, R.C.; Richard, J.; Hughett, P.; Calkins, M.E.; Macy, L.; Bilker, W.B.; Brensinger, C.; Gur, R.E. A cognitive neuroscience-based
computerized battery for efficient measurement of individual differences: Standardization and initial construct validation. J.
Neurosci. Methods 2010, 187, 254–262. [CrossRef]

47. Weintraub, S.; Dikmen, S.S.; Heaton, R.K.; Tulsky, D.S.; Zelazo, P.D.; Bauer, P.J.; Carlozzi, N.E.; Slotkin, J.; Blitz, D.; Wallner-Allen,
K.; et al. Cognition assessment using the NIH Toolbox. Neurology 2013, 80, S54–S64. [CrossRef]

48. Gershon, R.C.; Slotkin, J.; Manly, J.J.; Blitz, D.L.; Beaumont, J.L.; Schnipke, D.; Wallner-Allen, K.; Golinkoff, R.M.; Gleason, J.B.;
Hirsh-Pasek, K.; et al. IV. NIH Toolbox Cognition Battery (CB): Measuring language (vocabulary comprehension and reading
decoding). Monogr. Soc. Res. Child. Dev. 2013, 78, 49–69. [CrossRef]

49. Glasser, M.F.; Sotiropoulos, S.N.; Wilson, J.A.; Coalson, T.S.; Fischl, B.; Andersson, J.L.; Xu, J.; Jbabdi, S.; Webster, M.; Polimeni,
J.R.; et al. The minimal preprocessing pipelines for the Human Connectome Project. Neuroimage 2013, 80, 105–124. [CrossRef]

50. Heister, D.; Brewer, J.B.; Magda, S.; Blennow, K.; McEvoy, L.K. Alzheimer’s Disease Neuroimaging Initiative Predicting MCI
outcome with clinically available MRI and CSF biomarkers. Neurology 2011, 77, 1619–1628. [CrossRef]

51. Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.; Woolrich, M.W.; Smith, S.M. FSL. Neuroimage 2012, 62, 782–790. [CrossRef] [PubMed]
52. Andersson, J.L.; Skare, S.; Ashburner, J. How to correct susceptibility distortions in spin-echo echo-planar images: Application to

diffusion tensor imaging. Neuroimage 2003, 20, 870–888. [CrossRef]
53. Griffanti, L.; Salimi-Khorshidi, G.; Beckmann, C.F.; Auerbach, E.J.; Douaud, G.; Sexton, C.E.; Zsoldos, E.; Ebmeier, K.P.; Filippini,

N.; Mackay, C.E.; et al. ICA-based artefact removal and accelerated fMRI acquisition for improved resting state network imaging.
Neuroimage 2014, 95, 232–247. [CrossRef]

54. Salimi-Khorshidi, G.; Douaud, G.; Beckmann, C.F.; Glasser, M.F.; Griffanti, L.; Smith, S.M. Automatic denoising of functional MRI
data: Combining independent component analysis and hierarchical fusion of classifiers. Neuroimage 2014, 90, 449–468. [CrossRef]
[PubMed]

55. Pruim, R.H.R.; Mennes, M.; Buitelaar, J.K.; Beckmann, C.F. Evaluation of ICA-AROMA and alternative strategies for motion
artifact removal in resting state fMRI. Neuroimage 2015, 112, 278–287. [CrossRef] [PubMed]

56. Zhou, Y.; Dougherty, J.H.; Hubner, K.F.; Bai, B.; Cannon, R.L.; Hutson, R.K. Abnormal connectivity in the posterior cingulate and
hippocampus in early Alzheimer’s disease and mild cognitive impairment. Alzheimers Dement. 2008, 4, 265–270. [CrossRef]

57. Cox, R.W. AFNI: Software for analysis and visualization of functional magnetic resonance neuroimages. Comput. Biomed. Res.
1996, 29, 162–173. [CrossRef]

58. D’Agostino, R.B., Jr. Tutorial in biostatistics: Propensity score methods for bias reduction in the comparison of a treatment to a
non-randomized control group. Stat. Med. 1998, 17, 2265–2281. [CrossRef]

59. Brookhart, M.A.; Wyss, R.; Layton, J.B.; Stürmer, T. Propensity score methods for confounding control in nonexperimental
research. Circ. Cardiovasc. Qual. Outcomes 2013, 6, 604–611. [CrossRef]

60. Ho, D.E.; Imai, K.; King, G.; Stuart, E.A. MatchIt: Nonparametric preprocessing for parametric causal inference. J. Stat. Softw.
2011, 42, 1–28. [CrossRef]

61. Gu, X.S.; Rosenbaum, P.R. Comparison of multivariate matching methods: Structures, distances, and algorithms. J. Comput.
Graph. Stat. 1993, 2, 405–420.

62. Rao, Y.L.; Ganaraja, B.; Murlimanju, B.V.; Joy, T.; Krishnamurthy, A.; Agrawal, A. Hippocampus and its involvement in
Alzheimer’s disease: A review. 3 Biotech 2022, 12, 55. [CrossRef]

63. Rugg, M.D.; Vilberg, K.L. Brain networks underlying episodic memory retrieval. Curr. Opin. Neurobiol. 2013, 23, 255–260.
[CrossRef] [PubMed]

64. Braak, H.; Thal, D.R.; Ghebremedhin, E.; Del Tredici, K. Stages of the pathologic process in Alzheimer disease: Age categories
from 1 to 100 years. J. Neuropathol. Exp. Neurol. 2011, 70, 960–969. [CrossRef] [PubMed]

65. Sperling, R.; Mormino, E.; Johnson, K. The evolution of preclinical Alzheimer’s disease: Implications for prevention trials. Neuron
2014, 84, 608–622. [CrossRef]

66. Song, Z.; McDonough, I.M.; Liu, P.; Lu, H.; Park, D.C. Cortical amyloid burden and age moderate hippocampal activity in
cognitively-normal adults. Neuroimage Clin. 2016, 12, 78–84. [CrossRef]

67. Jones, D.T.; Knopman, D.S.; Gunter, J.L.; Graff-Radford, J.; Vemuri, P.; Boeve, B.F.; Petersen, R.C.; Weiner, M.W.; Jack, C.R., Jr.
Cascading network failure across the Alzheimer’s disease spectrum. Brain 2016, 139, 547–562. [CrossRef]

68. Grady, C.L.; Garrett, D.D. Understanding variability in the BOLD signal and why it matters for aging. Brain Imaging Behav.
2014, 8, 274–283. [CrossRef]

69. Zöller, D.; Schaer, M.; Scariati, E.; Padula, M.C.; Eliez, S.; Van De Ville, D. Disentangling resting-state BOLD variability and PCC
functional connectivity in 22q11.2 deletion syndrome. Neuroimage 2017, 149, 85–97. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.4902-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20107069
http://doi.org/10.1016/j.neuroimage.2013.05.041
http://www.ncbi.nlm.nih.gov/pubmed/23684880
http://doi.org/10.1016/j.neuroimage.2013.05.033
http://doi.org/10.1016/j.jneumeth.2009.11.017
http://doi.org/10.1212/WNL.0b013e3182872ded
http://doi.org/10.1111/mono.12034
http://doi.org/10.1016/j.neuroimage.2013.04.127
http://doi.org/10.1212/WNL.0b013e3182343314
http://doi.org/10.1016/j.neuroimage.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21979382
http://doi.org/10.1016/S1053-8119(03)00336-7
http://doi.org/10.1016/j.neuroimage.2014.03.034
http://doi.org/10.1016/j.neuroimage.2013.11.046
http://www.ncbi.nlm.nih.gov/pubmed/24389422
http://doi.org/10.1016/j.neuroimage.2015.02.063
http://www.ncbi.nlm.nih.gov/pubmed/25770990
http://doi.org/10.1016/j.jalz.2008.04.006
http://doi.org/10.1006/cbmr.1996.0014
http://doi.org/10.1002/(SICI)1097-0258(19981015)17:19&lt;2265::AID-SIM918&gt;3.0.CO;2-B
http://doi.org/10.1161/CIRCOUTCOMES.113.000359
http://doi.org/10.18637/jss.v042.i08
http://doi.org/10.1007/s13205-022-03123-4
http://doi.org/10.1016/j.conb.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23206590
http://doi.org/10.1097/NEN.0b013e318232a379
http://www.ncbi.nlm.nih.gov/pubmed/22002422
http://doi.org/10.1016/j.neuron.2014.10.038
http://doi.org/10.1016/j.nicl.2016.05.013
http://doi.org/10.1093/brain/awv338
http://doi.org/10.1007/s11682-013-9253-0
http://doi.org/10.1016/j.neuroimage.2017.01.064


Brain Sci. 2022, 12, 496 13 of 13

70. Ramírez-Toraño, F.; Abbas, K.; Bruña, R.; Marcos de Pedro, S.; Gómez-Ruiz, N.; Barabash, A.; Pereda, E.; Marcos, A.; López-Higes,
R.; Maestu, F.; et al. A Structural Connectivity Disruption One Decade before the Typical Age for Dementia: A Study in Healthy
Subjects with Family History of Alzheimer’s Disease. Cereb. Cortex Commun. 2021, 2, tgab051. [CrossRef]

71. McDonough, I.M.; Letang, S.K.; Stinson, E.A. Dementia risk elevates brain activity during memory retrieval: A functional MRI
analysis of middle aged and older adults. J. Alzheimer Dis. 2019, 70, 1005–1023. [CrossRef] [PubMed]

72. D’Esposito, M.; Deouell, L.Y.; Gazzaley, A. Alterations in the BOLD fMRI signal with ageing and disease: A challenge for
neuroimaging. Nat. Rev. Neurosci. 2003, 4, 863–872. [CrossRef] [PubMed]

73. Davis, T.L.; Kwong, K.K.; Weisskoff, R.M.; Rosen, B.R. Calibrated functional MRI: Mapping the dynamics of oxidative metabolism.
Proc. Natl. Acad. Sci. USA 1998, 95, 1834–1839. [CrossRef]

74. Gonneaud, J.; Baria, A.T.; Pichet Binette, A.; Gordon, B.A.; Chhatwal, J.P.; Cruchaga, C.; Jucker, M.; Levin, J.; Salloway, S.; Farlow,
M.; et al. Accelerated functional brain aging in pre-clinical familial Alzheimer’s disease. Nat. Commun. 2021, 12, 5346. [CrossRef]
[PubMed]

http://doi.org/10.1093/texcom/tgab051
http://doi.org/10.3233/JAD-190035
http://www.ncbi.nlm.nih.gov/pubmed/31306118
http://doi.org/10.1038/nrn1246
http://www.ncbi.nlm.nih.gov/pubmed/14595398
http://doi.org/10.1073/pnas.95.4.1834
http://doi.org/10.1038/s41467-021-25492-9
http://www.ncbi.nlm.nih.gov/pubmed/34504080

	Introduction 
	Materials and Methods 
	Participants 
	Measures of Cognition 
	MRI Acquisition and Preprocessing 
	Statistical Analyses 

	Results 
	Sample Characteristics 
	Hippocamal Brain Activity 
	Hippocampal Volume 

	Discussion 
	Conclusions 
	References

