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The APOE !4 allele is a risk factor for late-life pathological changes
that is also associated with anatomical and functional brain
changes in middle-aged and elderly healthy subjects. We investi-
gated structural and functional effects of the APOE polymorphism
in 18 young healthy APOE !4-carriers and 18 matched noncarriers
(age range: 20–35 years). Brain activity was studied both at rest
and during an encoding memory paradigm using blood oxygen
level-dependent fMRI. Resting fMRI revealed increased ‘‘default
mode network’’ (involving retrosplenial, medial temporal, and
medial-prefrontal cortical areas) coactivation in !4-carriers relative
to noncarriers. The encoding task produced greater hippocampal
activation in !4-carriers relative to noncarriers. Neither result could
be explained by differences in memory performance, brain mor-
phology, or resting cerebral blood flow. The APOE !4 allele
modulates brain function decades before any clinical or neuro-
physiological expression of neurodegenerative processes.

hippocampus ! memory ! neuroimaging ! resting connectivity

Apolipoprotein E (apoE, protein; APOE, gene) is a very-low-
density lipoprotein that removes cholesterol from the blood

and carries it to the liver for processing (1). In the central nervous
system, apoE has a key role in coordinating the mobilization and
redistribution of cholesterol, phospholipids, and fatty acids, and it
is implicated in mechanisms such as neuronal development, brain
plasticity, and repair functions (2). The human APOE gene, which
is encoded on chromosome 19, has 3 allelic variants (!2, !3, and !4).
The !4 allele has been associated with a higher risk of cardiovas-
cular disease (3), both early-onset (4) and late-onset (5) Alzhei-
mer’s disease (AD), poor outcome from traumatic brain injury (6),
and age-related cognitive impairment (7).

Neuroimaging studies of the APOE polymorphism in healthy
subjects have largely focused on gray matter (GM) alterations in
middle or late life, particularly in brain regions associated with
the greatest AD pathological findings. Even in asymptomatic
subjects, hippocampal and frontotemporal GM reduction has
been observed in APOE !4-carriers relative to noncarriers (8).
Moreover, a reduction of resting glucose metabolism was re-
ported in young and middle-aged cognitively normal APOE
!4-carriers in brain regions known to be affected by AD,
including the posterior cingulate, parietal, temporal, and pre-
frontal cortices (9–11). fMRI task-based studies (mainly inves-
tigating memory processes) have shown greater activation in
middle-aged and elderly APOE !4-carriers relative to noncarri-
ers (12–16). Although these studies suggest an influence of the
APOE !4 allele on brain structure and metabolism, they do not
make clear at what age these influences initially manifest.
Furthermore, although differences in structure, resting metab-
olism, and function have each been reported in !4-carriers
relative to noncarriers, it remains to be established to what extent
these characteristics interact.

Thus far, reports of structural and functional effects of the
APOE !4 allele in young adults are limited (17–20). Only 2 small

fMRI studies have tested for early life associations of the APOE
polymorphism with changes in brain function. Filbey et al. (18)
reported greater activation in 8 APOE !4-carriers compared with
8 noncarriers in medial frontal and anterior cingulate areas using
a working memory paradigm. Mondadori et al. (17) reported
reduced activation with an associative learning paradigm in 13
!4-carriers relative to 11 !2-carriers and 10 !3-homozygotes.
Both studies therefore suggest that the APOE genotype influ-
ences brain functions even early in adulthood.

Here, we used a multimodal MRI protocol to investigate
structural and functional neurophysiological characteristics of 18
APOE !4-carriers and 18 noncarriers, with ages ranging from 20
to 35 years old. Our first aim was to measure differences in
spontaneous fluctuations in resting brain function in !4-carriers
relative to noncarriers using resting-state fMRI. Brain regions
showing a strong temporal coherence (coactivation) in low-
frequency fluctuations (less than 0.1 Hz) are defined as ‘‘resting
state networks’’ (RSNs), and they reflect intrinsic properties of
functional brain organization (21). We were specifically inter-
ested in studying the effect of the APOE !4 allele on an RSN
called the ‘‘default mode network’’ (DMN), which includes the
prefrontal, anterior and posterior cingulate, lateral parietal, and
inferior/middle temporal gyri; cerebellar areas; and thalamic
nuclei and extending to mesial temporal lobe (MTL) regions
(22). The DMN is affected by neurodegenerative processes (23);
both AD patients (24) and people with amnestic mild cognitive
impairment (aMCI) (25) are reported to have reduced coacti-
vation of hippocampal and posterior cingulate regions.

Our second aim was to test for the effects of APOE genotype
on task-related activations. Because the MTL and hippocampi,
in particular, are the earliest brain regions to show pathological
signs in AD (26), and because APOE receptors in the brain are
mainly expressed in the hippocampal-entorhinal cortex complex
(27), we selected a blood oxygen level-dependent (BOLD) fMRI
task that preferentially activates MTL regions: the ‘‘novel vs.
familiar’’ memory-encoding paradigm has been widely used to
demonstrate robust hippocampal activation (28, 29).

Finally, we tested whether resting or task-related BOLD
differences between !4-carriers and noncarriers were associated
with underlying subject-specific anatomical or resting brain
perfusion (30) measures.

Results
Participants. APOE !4-carriers and noncarriers were matched for
age, gender, and years of education, and 2 individuals in each
group had a family history of dementia (either first or second
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Reasons for skepticism..

Y
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Healthy Patients 

With no model of signal, analyses will be extremely sensitive to variations in noise:

Y
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condition 1 condition 2

Differences in patient 
groups (e.g. vascular tone)

Differences across activation states 
(e.g. BOLD ceiling)
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Reasons for skepticism..
Correlation on its own in general provides little insight the changes/differences in signal 

Increase in noise 

Synchronisation of signals across regions (coupling)

Increase in common activity in one of two regions

Increase in signal levels 
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Region 1 Region 2

Increase in unrelated activity in one of two regions
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Dynamic Causal Modelling



Friston et al, Math Prob Eng 2010;Friston et al  Neuroimage 2011; Friston et al Neuroimage 2014

DCM of random fluctuations
Stochastic DCM: models endogenous stochastic fluctuations!
! ! - Variational Bayesian generalised filtering estimation! ! !
! ! - Communicated dynamics are modelled to have low frequency dynamics!
Recent alternate approach uses deterministic 
model using on cross-spectra of time series.!
Strengths:!

Models can distinguish SNR changes, different 
types of  inter-regional connectivity topologies!

Generative model: !

   - estimates physiological variables (pharma)!

! - can be used to generate expected observable 
statistics such as correlation, graph-theoretic 
measures, etc.!



Friston et al, Math Prob Eng 2010;Friston et al  Neuroimage 2011; Friston et al Neuroimage 2014

DCM of random fluctuations
Stochastic DCM: models endogenous stochastic fluctuations!
! ! - Variational Bayesian generalised filtering estimation! ! !
! ! - Communicated dynamics are modelled to have low frequency dynamics!
Recent alternate approach uses deterministic 
model using on cross-spectra of time series.!

Limitations:!

Models are complex, computationally challenging:!

! - require ROI definition - not mapping!

! - test limited numbers of model topologies !

! - may not account for/identify large-scale 
dynamics!

! - high-dimensional models -  may difficult to 
interpret  !

!
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Goal

!

Identify a simple approach to characterising connectivity that can provide 
some of the insight provided by DCM, while still enabling mapping.!

!

Strategy:!

Focus on identification of types of pairwise changes in relationship!

!

!



Basic features of dynamics affecting connectivity

Y

X
𝜌xa,ya

𝜌xa,ya

𝜌xa,ya

𝜌xa,ya

𝜌xa,ya

Change in SNR

YX

x y
𝜌xa,ya

Region 1 Region 2

Increase in noise 
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Increase in signal levels 

Increase in unrelated activity in one of two regions

BOLD signal



Basic features of dynamics affecting connectivity
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Shared/Unshared Signal Model
Pairwise model linking regions X and Y. Model Formulation

BOLD signal for condition a as a function of S and Ux Uy.

(1)

(2)

Condition b produces some change in levels of shared and unshared signals 
- wxb = cx wxa,  wyb = cy wya. , matching the total change in variance:

New observed variance can be expressed:

(6)

(7)

Proportion of shared signal in each region is bounded by correlation

(3)

(4)

(5)

YX

x y

Ux Uy

S

BOLD signal

Unshared signal (y) Unshared signal (x) 

Shared signal

w2 yaw2 xa

𝜌xa,ya

σyaσxaBOLD statistics (corr,var)

proportion of shared signal y

 Condition a

YX

x y

Ux Uy

S

BOLD signal

Unshared signal (y) Unshared signal (x) 

Shared signal

w2ybw2xb

𝜌xb,yb

σybσxbBOLD statistics (corr,var)

proportion of shared signal (y)

 Condition b

(8)

(9)

(10)

𝜌xb,yb can be expressed in terms of σxa,σxb σya, σyb, way, and ux 

Given the limits on way, maximum effects of particular changes in signal and 
noise on 𝜌xb,yb can be determined based on variance changes.  E.g. if there 
was no change in signal levels:



Determining possibility of different changes 
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Experiment

!

Are changes in connectivity across associated with variance changes?!

Do these changes correspond to particular types of changes in connectivity 
- are they predicted by model?!

How about activation levels?!



Results

 Variance changes from rest for motor Variance changes from rest for visual
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Results

 Variance changes from rest for motor Variance changes from rest for visual

One region increases in varianceNo change in variance. Both regions increase in variance

Rest	

!
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Visual task - Rest (V1 seed)

Changes indicative of decoupling 

Significant reductions in in correlation
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Visual task - Rest (V1 seed)

Changes indicative of decoupling 

Significant reductions in in correlation
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Results

 Variance changes from rest for motor Variance changes from rest for visual

Visual task - Rest (V1 seed)

Changes indicative of decoupling 

Significant reductions in in correlation
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Summary
We have identified a simple model that links correlation and variance to provides insight into 
the types of dynamics underlying connectivity changes!

In a test dataset we could find almost every proposed feature of dynamics!

Most changes in correlation are accompanied by some change in variance!

DCM models typically predict variance changes, so are validated by these results!

Software is under development!

!Future directions
!

Smooth integration with functional connectivity and DCM analyses!

More signal components: relationship to ICA?!

!

!
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