
lable at ScienceDirect

Neurobiology of Aging 74 (2019) 191e201
Contents lists avai
Neurobiology of Aging

journal homepage: www.elsevier .com/locate/neuaging
Amyloid betaepositive subjects exhibit longitudinal
network-specific reductions in spontaneous brain activity

Brian B. Avants a,*, R. Matthew Hutchison b, Alvydas Mikulskis a,
Cristian Salinas-Valenzuela b, Richard Hargreaves c, John Beaver b, Ping Chiao b,
for the Alzheimer’s Disease Neuroimaging Initiative1

aBiogen employee while completing work, 225 Binney Street, Cambridge, Massachusetts, 02142, USA
bBiogen, 225 Binney Street, Cambridge, Massachusetts, 02142, USA
cCelgene, 86 Morris Avenue, Summit, New Jersey, 07901, USA
a r t i c l e i n f o

Article history:
Received 1 February 2018
Received in revised form 6 September 2018
Accepted 2 October 2018
Available online 11 October 2018

Keywords:
Alzheimer’s disease
Amyloid beta
Fluorodeoxyglucose positron emission
tomography
Reference region spontaneous brain activity
Resting-state functional magnetic resonance
imaging
* Corresponding author at: 225 Binney Street, Cam
914 454 5757; fax: 855 547 5259.

E-mail address: stnava@gmail.com (B.B. Avants).
1 Data used in preparation of this article were ob

Disease Neuroimaging Initiative (ADNI) database (ad
investigators within the ADNI contributed to the de
ADNI and/or provided data but did not participate i
report. A complete listing of ADNI investigators can be
edu/wp-content/uploads/how_to_apply/ADNI_Acknow

0197-4580/$ e see front matter � 2018 Published by
https://doi.org/10.1016/j.neurobiolaging.2018.10.002
a b s t r a c t

Amyloid beta (Ab) deposition and cognitive decline are key features of Alzheimer’s disease. The rela-
tionship between Ab status and changes in neuronal function over time, however, remains unclear. We
evaluated the effect of baseline Ab status on reference region spontaneous brain activity (SBA-rr) using
resting-state functional magnetic resonance imaging and fluorodeoxyglucose positron emission to-
mography in patients with mild cognitive impairment. Patients (N ¼ 62, [43 Ab-positive]) from the
Alzheimer’s Disease Neuroimaging Initiative were divided into Ab-positive and Ab-negative groups via
prespecified cerebrospinal fluid Ab42 or 18F-florbetapir positron emission tomography standardized
uptake value ratio cutoffs measured at baseline. We analyzed interaction of biomarker-confirmed Ab
status with SBA-rr change over a 2-year period using mixed-effects modeling. SBA-rr differences be-
tween Ab-positive and Ab-negative subjects increased significantly over time within subsystems of the
default and visual networks. Changes exhibit an interaction with memory performance over time but
were independent of glucose metabolism. Results reinforce the value of resting-state functional magnetic
resonance imaging in evaluating Alzheimer’’s disease progression and suggest spontaneous neuronal
activity changes are concomitant with cognitive decline.

� 2018 Published by Elsevier Inc.
1. Introduction

Alzheimer’s disease (AD) pathophysiology can precede cognitive
symptoms by decades and is characterized by alterations in amyloid
beta (Ab) production and clearance, formation of b-amyloid pla-
ques, and accumulation of neurofibrillary tangles (Braak et al., 1999;
Dubois et al., 2016; Hardy and Selkoe, 2002a; Jack et al., 2009).
Pathophysiological processes characterize disease stage and AD
subtype (Ennis et al., 2017; Hall et al., 2013; Soldan et al., 2013) such
that the progressive evolution of AD can bemodeled using fluid and
imaging biomarkers that correlate with functional decline (Jack
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et al., 2010; Jack and Holtzman, 2013). Recent studies suggest that
optimal prognostic and diagnostic biomarkers of AD (Cavedo et al.,
2014; Kandel et al., 2015a, 2016; Toledo et al., 2015) may differ from
optimal biomarkers for tracking AD progression (Egli et al., 2015;
Mattsson et al., 2015; Mazzeo et al., 2016) and from biomarkers
that predict timing of cognitive decline (Berenguer et al., 2014;
Choo et al., 2013; Degerman Gunnarsson et al., 2016; Portelius
et al., 2015; Toledo et al., 2014).

Measures of brain function have emerged as potential candi-
dates for evaluating AD progression (Iturria-Medina et al., 2016).
Recent studies have highlighted the importance and early emer-
gence of cerebral neurovascular dysfunction and sequelae in AD
(Iturria-Medina et al., 2016; Taylor et al., 2017) that, along with
abnormal protein deposition, may represent early manifestations of
AD pathophysiology (Edmonds et al., 2015; Hardy and Selkoe,
2002b; Iturria-Medina et al., 2016). Resting-state functional mag-
netic resonance imaging (rs-fMRI) can be used to investigate the
complex spatiotemporal mechanisms of brain function through the
characterization of spontaneous blood oxygen leveledependent
(BOLD) fluctuations (Fox and Raichle, 2007; Shmuel and Leopold,
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Table 1
Baseline demographics of the ADNI Ab-positive (Abþ) and Ab-negative (Ab�)
cohorts

Baseline demographics Ab� (n ¼ 19) Abþ (n ¼ 43)

Age, mean � SD, years 70.7 � 9.0 71.0 � 6.8
ApoE ε4 copy no., n (%)
0 16 (84.2) 20 (46.5)
1 2 (10.5) 15 (34.9)
2 1 (5.3) 8 (18.6)

Sex, n (%)
Female 9 (47.4) 20 (46.5)
Male 10 (52.6) 23 (53.5)

CDR-SB score, mean � SD 1.2 � 1.0 1.7 � 1.0
Clinical diagnosis, n (%)
AD 0 (0) 0 (0)
CN 0 (0) 0 (0)
EMCI 11 (57.9) 25 (58.1)
LMCI 8 (42.1) 18 (41.9)
SMC 0 (0.0) 0 (0)

See Table 2 for the number of longitudinal follow-up visits included from these same
individuals. Three Ab-negative subjects converted to Ab-positive over the study
period. The designations of “EMCI” versus “LMCI” are determined by ADNI as pro-
vided in the adnimerge data set.
Key: Ab, amyloid beta; AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuro-
imaging Initiative; ApoE, apolipoprotein E; CDR-SB, Clinical Dementia Rating-Sum of
Boxes; CN, cognitively normal; EMCI, early mild cognitive impairment; LMCI, late
mild cognitive impairment; SMC, significant memory complaint.
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2008). BOLD fluctuations are the result of neuronal firing activity
(Hutchison et al., 2015; Scholvinck et al., 2010; Shmuel and Leopold,
2008), and their spatiotemporal dependencies recapitulate known
task-related patterns and reflect the brain’s intrinsic connectivity
(Krienen et al., 2014; Smith et al., 2009).

Several cross-sectional studies using rs-fMRI have linked mild
cognitive impairment, amyloid pathology, or AD severity to altered
connectivity in the so-called default mode network (Buckner et al.,
2008; Elman et al., 2016; Greicius et al., 2004; Jiang et al., 2016;
Sheline et al., 2010; Sperling et al., 2009; Wang et al., 2013) and
visual system (Pan et al., 2017). Recently, connectivity changes have
been detected using rs-fMRI in Ab-positive, but cognitively normal
individuals (Sheline et al., 2010). Conversely, network-level
disruption has been observed in subjects at high risk for AD but
who do not exhibit abnormal amyloid levels (Harrison et al., 2016).
Together, these findings suggest that rs-fMRI may be a sensitive
marker of neuronal dysfunction and brain connectivity that is in-
dependent of protein deposition status across the AD continuum.

Few studies have examined the longitudinal changes in rs-fMRI
in the context of known molecular biomarkers of neurological dis-
ease (Deng et al., 2016; Hafkemeijer et al., 2017; Ren et al., 2016;
Zhan et al., 2016). However, prior work suggests that rs-fMRI may
detect disease-specific patterns of connectivity change in patients
with AD and frontotemporal lobar degeneration (Hafkemeijer et al.,
2017). Moreover, in amyloid positron emission tomography (PET)e
positive subjects without dementia, the pattern of glucose meta-
bolism reductions appears to follow a different spatiotemporal
distribution than brain atrophy over a 3-year period (Araque
Caballero et al., 2015), suggesting that brain function is being
affected independent of frank neuronal loss. More recently, func-
tional brain imaging has been used to study the amplitude of low-
frequency fluctuations (ALFFs) in gray matter as a relatively pure
measure of neuronal activity because it is largely insensitive to
breath hold (Zuo et al., 2010) and, therefore, changes in vascular
tone. ALFF is also reliable in the presence of motion relative to other
rs-fMRImetrics (Yan et al., 2013a). Alterations in ALFF imply changes
in brain connectivity (Tomasi et al., 2016). ALFF has good sensitivity
to disease and has been reliably monitored in patients with cogni-
tive dysfunction and AD (Han et al., 2011; Li et al., 2012; Pan et al.,
2017; Skidmore et al., 2013; Turner et al., 2012; Yan et al., 2013a,b;
Zhao et al., 2014; Zou et al., 2015). Recently, a small longitudinal
study found that ALFF declines in the striatum of Ab-positive sub-
jects with mild cognitive impairment (MCI) (Ren et al., 2016).

We conducted a novel longitudinal analysis of the impact of
baseline Ab status on rs-fMRI over a 2-year period using MCI data
obtained from an Alzheimer’s Disease Neuroimaging Initiative
(ADNI) data set (for up-to-date information, see www.adni-info.
org). Our analyses focused on a reference regioneadjusted variant
of ALFF, reference region spontaneous brain activity (SBA-rr). We
assessed this sensitive rs-fMRI measurement within an AD-related
network-specific coordinate system (NSCS) in relation to cerebro-
spinal fluid (CSF) and 18F-florbetapir PET Ab biomarkers. In addi-
tion, we determined the extent to which changes in the
fluorodeoxyglucose (FDG)-PET signal or cognition correlated with
the pattern of longitudinal functional brain changes.

2. Material and methods

2.1. Cohort

Our inclusion criteria, meant to mimic those of a potential
intervention trial for early AD, included 62 unique ADNI partici-
pants and a total of 288 longitudinal images. Each participant was
described by baseline Mini-Mental State Examination score, apoli-
poprotein E (ApoE) ε4 genotype, age, and sex. All participants had a
diagnosis of MCI and a Clinical Dementia Rating-Sum of Boxes
(CDR-SB) score �0.5 and �9. This CDR-SB range captures very mild
to mild dementia (O’Bryant et al., 2008). All participants had
baseline longitudinal rs-fMRI data and baseline testing for either of
2 amyloid biomarkers, CSF Ab measurements via the April 2017
release of the University of Pennsylvania CSF biomarkers ADNI data
set or baseline amyloid PET via standardized uptake value ratio
cutpoint of 1.11 from baseline 18F-florbetapir PET imaging. The CSF
cutoff point was defined as Ab < 977 pg/mL, which maximizes
concordance with amyloid PET in the ADNI (Hansson et al., 2018).
Based on this information, we classified each subject’s Ab status as
positive or negative. Six subjects did not have CSF data and were
classified as Abþ via 18F-florbetapir PET. There were 8 cases of
discrepant Ab classifications based on CSF versus PET tests. Four
individuals were classified as Abþ based on CSF criteria and as Ab�
based on 18F-florbetapir PET and 4 were classified as Ab� based on
CSF and as Abþ using 18F-florbetapir PET. Discrepant cases were
classified as Abþ. Participant baseline characteristics and temporal
distribution of follow-up visits are detailed in Tables 1 and 2,
respectively. Each subject included in this study has 3 or more rs-
fMRI samples over time.
2.2. T1-weighted MRI, FDG-PET, and rs-fMRI acquisition and
processing

Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.usc.edu). The ADNI was launched in
2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of the ADNI has been to
test whether serial MRI, PET, other biological markers, and clinical
and neuropsychological assessment can be combined to measure
the progression of MCI and early AD. We included all usable lon-
gitudinal data up to a 2-year duration following baseline from
ADNI-2 and ADNI-Go in our analyses.

2.2.1. ADNI data collection

� Rs-fMRI: rs-fMRI was obtained using an echoplanar imaging
sequence on a 3.0-Tesla Philips MRI scanner. Acquisition pa-
rameters were as follows: 140 timepoints; repetition time,
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Table 2
Distribution of the number of longitudinal follow-up visits across the study for the
ADNI Ab-positive (Abþ) and Ab-negative (Ab�) cohorts

Available resting-state data, n (%) Ab� (n ¼ 89) Abþ (n ¼ 199)

Baseline 19 (21.3) 43 (21.6)
Month 3 19 (21.3) 46 (23.1)
Month 6 18 (20.2) 40 (20.1)
Month 12 19 (21.3) 36 (18.1)
Month 18 0 (0.0) 1 (0.5)
Month 24 14 (15.7) 33 (16.6)

Key: Ab, amyloid beta; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CDR-SB,
Clinical Dementia Rating-Sum of Boxes.
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3000 ms; echo time, 30 ms; flip angle, 80�; number of slices,
48; slice thickness, 3.3 mm; spatial resolution, 3 � 3 � 3 mm3;
and in-plane matrix, 64 � 64.

� T1-weighted MRI: Three-dimensional sagittal magnetization-
prepared rapid acquisition with gradient echo images were
acquired using Philips Medical Systems 3.0 Tesla scanners.
Acquisition parameters were as follows: repetition time, 6.77;
echo time, 3.13; flip angle, 9.0�; number of slices, 172; slice
thickness, 1.2 mm; spatial resolution, 1 � 1 � 1 mm3; and in-
plane matrix, 256 � 256.

� FDG-PET: The ADNI acquired FDG-PET scans at over 50 sites on
20 different scanner models with varying resolution. ADNI
acquisition and preprocessing steps have been described in
detail previously (Jagust et al., 2015). We elected to use the
“step 1” preprocessed data, which averages rigidly registered
frames in native space. We subsequently registered these im-
ages rigidly to the brain-extracted versions of the T1-weighted
images for each subject and, by composition, to the ADNI
template space discussed in the following. FDG was only
available at baseline and 2 years. We also accessed FDG sum-
mary variables provided by the ADNI PET Core (Jagust et al.,
2015).
2.2.2. Data processing
T1-weighted and rs-fMRI processing steps (Fig. 1) followed

methods described previously (Avants et al., 2015). Briefly, we
constructed a population-specific group template (Avants et al.,
2015) with probabilistic tissue priors and anatomical labels
derived from the Desikan-Killiany-Tourville protocol (Klein and
Tourville, 2012), an NSCS (Power et al., 2011), and a high-
resolution vessel template (Viviani, 2016). It also contained the
automated anatomical labeling set (Rolls et al., 2015). This custom
template and collection of anatomical labels enabled spatial
normalization and prior-based segmentation for each subject and
timepoint in the study (Tustison et al., 2014a). We motion-
corrected each BOLD image to an iteratively computed time se-
ries mean and collected the final transformation parameters for
assessment of quality assurance. We also computed nuisance
variables within noncortical tissue via CompCor, keeping 10
nuisance predictors (Shirer et al., 2015). We built our longitudinal
resting-state analysis using the approach of Shirer et al. because, to
our knowledge, theirs is the only available study with clearly
identified optimal parameters in a training and testing framework
that maximize both reliability as well as diagnostic sensitivity in
AD (Shirer et al., 2015). We residualized nuisance variables from
the BOLD signal within the cerebrum, performed wavelet filtering
(Wink and Roerdink, 2004), and computed ALFF (Pan et al., 2017)
as a voxel-wise measurement of SBA-rr. We subsequently aligned
the mean BOLD image to the brain-extracted T1-weighted image
at each individual timepoint. We then mapped the BOLD data to
the group space through a composite transformation. Finally, we
indexed the SBA-rr at a priori standardized coordinates (Power
et al., 2011). The NSCS was based on a large meta-analysis that
defined loci for robust functional effects in the literature. This
coordinate system suggests networks of functional specialization
in the brain and where one might reliably identify effects despite
myriad processing choices (Pernet and Poline, 2015). A subset (z
7%) of individual timepoints of resting-stateeexhibited excessive
motion artifact, based on framewise displacement, were removed
from further analysis (n ¼ 15 unique images, not unique subjects).
In our analyses, we extended the ALFF measurement using
methods that stabilize it longitudinally. Our construct used the
original ALFF signal minus the mean ALFF within the cerebellum
computed after the custom fMRI preprocessing defined previously.
The cerebellar ALFF is a proxy measurement for “DC noise,” that is,
background scanning and physiological signal not relevant to the
AD-related cortical signals of interest. This technique is similar to
global signal subtraction (Liu et al., 2017) and only removes a
single constant value from each session’s overall voxel-wise ALFF
measurement. The approach is unbiased with respect to the vari-
ables of interest and seeks to cancel or limit noise that may
compromise longitudinal assessments of SBA. We tested this
processing pipeline using a publicly available data set (Orban et al.,
2015) to establish reliability within an aging population at risk for
AD (Avants, 2018).

2.3. Computational platform and software

We used R version 3.3.2 (“Sincere Pumpkin Patch”) for basic
statistical processing and ANTsR version 0.3.3 (Muschelli et al.,
2017, submitted; Stone et al., 2016; Tustison et al., 2015) for core
image analysis and data organization.

3. Theory/calculation

3.1. Spatial distribution of regions with longitudinal trajectories that
differ with Ab status

Both visual and default networks are sites of early cross-
sectional differences in AD, potentially even at the prodromal
level (Sheline et al., 2010; Sperling et al., 2009). Our primary anal-
ysis focused on whether SBA-rr changes within these networks
were impacted by differences in Ab status. We tested our hypoth-
esis within a subset of ADNI patients with MCI. We included a
measurement of SBA-rr within a probabilistic vessel region as a
negative control.

We evaluated amyloid-related SBA-rr change, along with its
spatial distribution, within these predefined networks using
mixed-effects modeling. We tested the model at each of 92 loca-
tions within the NSCS that are part of the visual or default network
as well as the vessel template. The mixed-effects framework
allowed subject-specific longitudinal trajectories to be modeled
while controlling for baseline conditions as well as subject- and
site-specific random effects (Tan et al., 2013; Verbeke and Fieuws,
2007). The following mixed-effects model captures the potential
effect of baseline Ab status (denoted as Ab in the following model)
over the whole 2-year time window while controlling for baseline
SBA:

SBAchangezSBAbase þ APOE4þ CDRSB:blþ SEXþ AGEþ FD

þ tþ Abþ Ab : t þ ð1jPTIDÞ þ ð1jSITEÞ
Here, t is the time from baseline, FD indicates framewise

displacement, and PTID and SITE are patient- and site-specific
random effects, respectively. We estimated these models with
lme4 (Bates et al., 2015) and significance using lmerTest packages in



Fig. 1. Overview of the processing pipeline sequence. The template and priors, which guide segmentation and localization of the NSCS in the individual subject’s T1-weighted
images, are illustrated in (a). Results of T1 processing are illustrated in (b), where we also see how BOLD (and FDG; not shown) images are transformed to the individual sub-
ject’s T1 space, allowing location of tissue classes, which guides nuisance variable computation. Once modality-specific preprocessing is complete, in (c), we transform the FDG and
raw ALFF images into the template space and compute SBA-rr in the NSCS in preparation for final population-level statistics. Abbreviations: ALFF, amplitude of low-frequency
fluctuations; BOLD, blood oxygen leveledependent; FDG, fluorodeoxyglucose; SBA-rr, reference region spontaneous brain activity; NSCS, network-specific coordinate system.
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R (The R Foundation, 2017). Note that assigning p values to mixed-
effects models is a controversial topic, as there is no inherently
defined method to calculate degrees of freedom, and thus, several
approaches exist for determining p values (Bernal-Rusiel et al.,
2013; Luke, 2017). We, therefore, corrected the estimated p values
using a conservative Bonferroni method to control for family-wise
error. In this analysis, the interaction term Ab:t is the main pre-
dictor of interest for hypothesis testing. Our analysis yielded mul-
tiple comparisonecontrolled empirical p values (q values) for all 92
tests performed across the brain.
3.2. Change in SBA-rr within vessels

We used a high-resolution probabilistic vessel template (Viviani,
2016) to determine whether we see the same effects within a set of
voxels likely related to vessels. After mapping the vessel probability
atlas to our template space, we computed SBA-rr within only high-
probability vessel regions and ran the same statistical model as
mentioned previously. If results were not present within the vessel
region of interest but were present in the anatomical/network
regions of interest, our hypothesis that the signal is a consequence
of neuronal activity was supported.
3.3. Comparing rs-fMRI with FDG-PET

Neurovascular coupling is believed to translate the underlying
neural activity to a measurable BOLD response. Electrophysiological
studies show strong correlations between resting BOLD signal and
local field potentials (Scholvinck et al., 2010). However, BOLD
measurements may also be influenced by physiological noise,
cognitive state, motion, blood flow, blood volume, and metabolism
(Caballero-Gaudes and Reynolds, 2017; Hall et al., 2016a; Turner,
2016; Ugurbil, 2016). While our aforementioned processing
approach sought to use both prior and data-driven methods to
control for these factors, we also compared our data to FDG-PET to
further assess our models.

FDG-PET measures the metabolic rate in the brain directly via
phosphorylation of glucose metabolism. Several studies have
shown that brain FDG signal changes with AD progression (Cerami
et al., 2014; Ewers et al., 2013; Kadir et al., 2012; Landau et al., 2011;
Lange et al., 2016; Xu et al., 2016). We tested whether glucose



Table 3
Bonferroni-corrected NSCs where Ab status impacts longitudinal change in SBA-rr

NSC Cortical region Brod Network Abþ decline
t-value

Abþ decline
p-value

147 L. middle occipital 19 Visual -3.97 <0.0001
151 L. lingual 18 Visual -3.93 0.00011
172 L. fusiform 19 Visual -3.84 0.00015
80 R. middle occipital 39 Default mode -3.88 0.00013
90 L. precuneus 30 Default mode -3.90 0.00012
95 R. precuneus 30 Default mode -3.79 0.00018
97 R. dorsal superior

frontal
9 Default mode -3.84 0.00015

130 R. angular gyrus 39 Default mode -4.21 <0.0001

Brod and AAL indicate the putative Brodmann area and AAL region determined by
the template. PvalRecall refers to immediate recall; delayed recall was not signifi-
cant (Tzourio-Mazoyer et al., 2002). The row in bold is the NSC that relates to change
in immediate recall.
Key: AAL, automated anatomical labeling; Ab, amyloid beta; Brod, Brodmann area; L,
left; SBA-rr, reference region spontaneous brain activity; NSC, network-specific
coordinate; R, right.
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metabolism underlies our observed changes in SBA-rr by adding
both baseline FDG and change in FDG terms to our original model as
follows:

SBAchangez$$$þ FDGbase þ FDGchange

These modifications allowed us to determine whether changes
in FDG predict change in SBA-rr while controlling for other vari-
ables. Each FDG measurement is taken at the same location as the
SBA-rr measurement. This model tests for Ab effects that are sig-
nificant even after controlling for effects of FDG. We tested this
model using both ADNI PET Core summary variables and our own
processing, which provided FDG values in the NSCS. As clarified in
the following sections, we computed this model for all network-
specific coordinates (NSCs) but focused with this secondary FDG
model only on regions that were significant in the original SBA-rr
model.
3.4. Comparing with cognitive change

Recent work points toward an earlier role for subtle cognitive
deficits in the AD biomarker model (Edmonds et al., 2015). Thus, we
sought to constrain our interpretation further by assessing whether
significant changes in rs-fMRI related to amyloid are also related to
change in memory. Immediate and delayed recall memory scores
are among the most discriminative clinical measurements available
for AD (Estevez-Gonzalez et al., 2003; Haapalinna et al., 2016;
Kandel et al., 2015b; Ramanan et al., 2016; Scheff et al., 2013;
Fig. 2. Spatial distribution of regions with longitudinal trajectories that differ with Ab status
19, while the red coordinates are in the default network including the superior frontal gy
heteromodal association areas. A larger radius was associated with greater Bonferroni-corr
Wolk et al., 2011). Previous studies have shown that both recall
measures may be longitudinally sensitive in AD (Bilgel et al., 2014).
We again build on our previous model and test whether our
observed changes in SBA-rr related to changes in either immediate
or delayed recall (denoted MEM in the equation below):

SBAchangezterms from prior modelþMEMbase þMEMchange

þ Ab :MEMchange

Just as in the FDG model, this allowed us to determine whether
changes in MEM related to changes in SBA-rr while controlling for
other variables. We tested the significance of the Ab*MEMchange
term in this model to assess whether Ab status interacts with
cognitive change over time to impact SBAchange. This strategy tested
the multivariate improvement in the model due specifically to
memory-related variables.

4. Results

4.1. Spatial distribution of regions with longitudinal trajectories that
differ with Ab status

Following multiple comparisons correction, we identified 8
cortical regions where SBA-rr showed significant changes driven by
the difference in longitudinal trajectories between baseline Ab-
positive and Ab-negative subjects. The pattern of change included
default NSCs in both the anterior and posterior portions of the
default mode network, as well as in proximal visual regions. Table 3
and Fig. 2 highlight these results in detail.

4.2. Change in SBA-rr within probable vessel regions, FDG,
immediate recall, and framewise displacement

We report the results of alternative possible predictors for the
longitudinal changes observed, i.e., changes in vasculature, glucose
metabolism, and degree of motion during scanning. SBA-rr within
the probabilistic vessel template did not show amyloid-related
changes over time. The p value for the amyloid-time interaction
termwas >0.8. This indicates that effects detected in other regions
are likely to be more specific to neural activity than to changes in
non-neuronal signal, such as vascular reactivity. The statistical
model applied to SBA-rr within the vessel template did not reach
significance.

FDG did not explain sufficient variance to reach significance
within the regions detected by rs-fMRI. However, over all tested
NSCs in the visual and default networks, FDG did add significant
information to the model for 2 NSCs, both part of the visual
. The blue nodes are associated with visual association cortices, Brodmann areas 18 and
rus, precuneus, and angular gyrus. Overall, the effects localized primarily to hub-like
ected significance. Abbreviation: Ab, amyloid beta.
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network. The approximate anatomical regions corresponded to
middle occipital gyrus (Montreal Neurological Institute
coordinate, �37, 84, 13) and fusiform gyrus (Montreal Neurological
Institute coordinate, �27, 59, �9). Thus, changes in glucose meta-
bolism alone are unlikely to explain the findings described here.

Our models for predicting change in SBA-rr measures related
to change in immediate recall were significant at a Bonferroni-
corrected significance level of 0.05. Delayed recall, in contrast,
did not show a relationship at this significance level. As reported
in Table 3, the precuneus demonstrated an interaction-based
Bonferroni-corrected relationship to change in immediate recall
(adjusted p < 0.05). We illustrate this effect in Fig. 3 which shows
that stable SBA-rr is related to more stable cognition in Ab-
negative subjects; In Ab-positive subjects, however, reductions in
SBA-rr were related to more stable cognitive performance. Rela-
tively few (n ¼ 5) Ab-negative subjects show decline in the time
period studied, whereas roughly half (n ¼ 21) of the Ab-positive
subjects showed decline. This effect may relate either to learning
or to cognitive flexibility as a result of the ongoing disease pro-
cess. Additional false discovery rateecorrected regions also related
to immediate recall but were excluded by our initial significance
cutoff. To rule out motion as the source of longitudinal group
differences, we also examined relationships between important
covariates within our model and the mean framewise displace-
ment (FD), a measure of overall motion within each rs-fMRI data
set. Mixed-effects models did not identify relationships between
baseline CDR-SB, APOE genotype, sex, age, Ab status, or time with
change in FD. However, it is not clear whether patient- or site-
specific random effects were relevant for sporadic motion. Thus,
we also tested a standard linear regression model that investi-
gated whether FD is impacted by change in APOE genotype, age,
change in cognition, Ab status, or sex. This model showed a small
significant relationship of age with FD (p < 0.03).

Finally, after finalizing our NSC results, we sought to visualize
the overall patterns of change that may be missed by our conser-
vative NSCS. We, thus, performed a dense vertex-wise analysis
computing the mixed-effects model for SBA change at every vertex
in the cortex. This allowed us to visualize whether there are large
expanses of the cortex that show the same or similar patterns of
change to our primary results. This exploratory and descriptive
result further confirmed the specificity of the findings. Fig. 4 shows
Fig. 3. Longitudinal plots with CIs for 2 representative significant regions, the right precu
variables. The overall gap between the Ab-positive (Abþ) and Ab-negative (Ab�) subjects
reduction in Ab-positive subjects’ SBA-rr. The CIs account for repeated measures as described
full-time series for both groups in estimating the likelihood of the difference in trajectorie
viations: Ab, amyloid beta; CI, confidence interval; SBA-rr, reference region spontaneous br
the pattern of effects. Few, if any, regions had significant uncor-
rected p values (selecting 0.001 as a cutoff) outside of the default or
visual network.
5. Discussion

The present study integrated longitudinal rs-fMRI, FDG-PET,
measurements of episodic memory, and baseline Ab biomarkers
into a single analysis of serial functional change in subjects with
MCI. The findings suggest that SBA-rr in baseline Abenegative
subjects diverges from baseline Abepositive subjects over 2 years
within subsystems of the default and visual networks, locations in
the brain that are both functionally important and impacted by
AD. The strongest statistical effects of Ab in this study isolated to
the precuneus and lateral inferior parietal lobes, regions that are
well-established functional hubs and form the core of the poste-
rior default network. The results reaffirm the role of the precuneus
in AD progression and its concomitant sensitivity to amyloid
accumulation (Perrotin et al., 2012), while also reinforcing the
hypothesis that AD is, at least in later stages, a network-level
disease. It is also notable that while these anatomical-functional
regions seem to be impacted in AD patients ahead of cognitive
symptoms, they also exhibit longitudinal sensitivity relative to Ab-
negative patients well into the clinically identifiable disease course
that was studied here. The visual cortex is highly interconnected
anatomically and functionally with key regions that are primary
loci of degeneration in AD. In addition, the visual cortex was
implicated in some of the earliest rs-fMRI studies in AD wherein
cognitively normal Ab-positive subjects were contrasted against
controls (Sheline et al., 2010). A more recent study explored
functional biomarkers of AD using rs-fMRI and “found diminished
connectivity in the primary visual cortex” both in patients with
MCI due to AD and patients with AD (Badhwar et al., 2017),
whereas our study identifies longitudinal effects of amyloid posi-
tivity using rs-fMRI. In summary, these findings may be unsur-
prising given that the optic nerve is affected in AD (Sadun and
Bassi, 1990), which may also lead to functional alterations down-
stream potentially distinct from or preceding anatomical cortical
alterations.
neus and right angular gyrus. The time series plot represents the change in SBA-rr
increased over the time of the study; The precuneus CI suggests high confidence for
previously (Morey, 2008). Note that the mixed-effects model effectively considers the

s due to amyloid status. See Tables 1 and 2 for the n value at each timepoint. Abbre-
ain activity.



Fig. 4. Uncorrected exploratory vertex-wise analysis results. This figure shows uncorrected p values of <0.001 arising from the SBA-rr change model previously run only at NSCs.
The primary effects were in the same direction as that reported at the NSCs and few, if any, results trended in the opposite direction. This further supports the specificity of the NSC
findings. Abbreviations: SBA-rr, reference region spontaneous brain activity; NSCs, network-specific coordinates.
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5.1. Ab and brain function

Molecular biomarkers were used as a primary outcome mea-
sure to constrain our interpretation of the rs-fMRI effects. By
considering several supplemental markers, described previously,
we argue that observed differences in longitudinal measures of
brain activity result from synaptic/neuronal dysfunction, poten-
tially at a network level, related to downstream effects of amyloid
pathology. We suggest that the cause of this disruption is linked to
the failure of compensatory mechanisms that help combat age-
related cognitive decline. This may be due to inflammation or
resting alterations in the production or regulation of neurotrans-
mitters, such as glutamate, that are essential for efficient activation
and potentially reorganization of cognitive networks. Alternatively,
the changes observed here may relate to the disruption of post-
synaptic activity by soluble Ab oligomers (Hu et al., 2008). How-
ever, in the absence of a direct molecular marker, we cannot
confirm this hypothesis.

Amyloid may alter the SBA-rr trajectory through a variety of
physiological mechanisms. SBA-rr is based on ALFF, which com-
putes total power within a physiologically and hardware-limited
frequency range. The frequency band is chosen to reflect the com-
ponents of the BOLD signal that are more likely to be related to
neuronal activity within the resting state. Thus, ALFF indexes the
local strength of spontaneous fluctuations in local field potentials,
which putatively represent the integrated electrophysiological
result of synaptic activity (Hutchison et al., 2015; Scholvinck et al.,
2010; Shmuel and Leopold, 2008). Even accounting for the speci-
ficity of our design and statistical control for confounders, it is
possible that these brain activity changes may retain some signal
due to a variety of other effects of AD pathology on neurovascular
coupling. Fundamentally, AD impacts both neuronal activity and
neural connectivity, neurometabolism, and hemodynamics
(Iadecola, 2004). Moreover, the entire neuro-glial-vascular unit
may be impacted simultaneously in clinically detectable AD
(Musiek and Holtzman, 2015). Thus, while evidence supports the
synaptic foundation of the BOLD signal, underlying AD pathology
has several routes through which it may alter synaptic activity and,
consequently, observed SBA-rr.
In addition, the molecular biomarkers on which we rely may
relate to different aspects of AD. For instance, CSF may be more
sensitive to detecting amyloid pathology earlier in the disease
process in comparison to amyloid PET (Bateman et al., 2012). We
also included FD in our statistical models to control for the impact
of motion. We found only modest effects, especially in comparison
to other predictors that are more directly related to the AD
phenotype.

5.2. SBA-rr and cognitive decline

The precuneus and lateral portions of the default network are
areas of elevated resting metabolism relative to the rest of the
brain (Cavanna and Trimble, 2006). This pair of regions has been
associated with memory encoding (precuneus) (Celone et al.,
2006; Miller et al., 2008; Wolk et al., 2011) and retrieval
(angular gyrus/lateral occipital lobe) (Bonner et al., 2013; Bonnici
et al., 2016). Our results show that longitudinal change in the
posterior default network may relate to changes in immediate
recall. Change in immediate recall over 2 years was different
between Ab-positive and Ab-negative subjects (Fig. 5). Ab-posi-
tive subjects with more stable SBA-rr also showed reduced per-
formance over time. Thus, change in SBA-rr may indicate a failure
in compensation to the ongoing disease process in Ab-positive
subjects. Moreover, although we controlled for baseline CDR-SB
scores and baseline immediate recall in our models, persistent
and difficult-to-measure perturbations in the underlying disease
stage may explain some variability in both cognitive decline over
time and the relationship with SBA-rr. In Ab-negative subjects,
the relationship between these measurements was relatively
weaker, which may be the consequence of fewer Ab-negative
subjects showing change in immediate recall over 2 years.
Memory tests that are less susceptible to learning effects, longer
measurement intervals, or larger sample sizes may be necessary
to detect such relationships more reliably. The relationship be-
tween SBA-rr and cognitive decline supports the hypothesis that
SBA-rr measurement indexes neuronal, as opposed to metabolic,
dysfunction. Our results inform the timing and spatial specificity
of functional changes within subjects who exhibit clinically



Fig. 5. The interaction between Ab status and change in cognition. The picture
approximates, visually, what the interaction term captures in the statistical model,
by categorizing longitudinal change in immediate recall into “stable” and
“declining” groups, the latter defined by those who have substantially reduced
recall abilities. The interaction is primarily driven by subjects who show relative
cognitive stability in immediate recall. Relatively few (n ¼ 5) Ab-negative (Ab�)
subjects show decline in the time period studied, whereas roughly half (n ¼ 21) of
the Ab-positive (Abþ) subjects showed decline. This effect may relate to a learning
or cognitive flexibility as a result of the ongoing disease process. Abbreviations: Ab,
amyloid beta; CI, confidence interval; SBA-rr, reference region spontaneous brain
activity.
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detectable cognitive decline and are also Ab positive. Future work
with SBA-rr may refine data-driven staging markers even further,
potentially allowing prediction of cognitive decline within specific
psychometric domains.
2 We included framewise displacement in our models to check their sensitivity to
this parameter and found relatively small effects overall, especially in comparison to
other predictors.
5.3. Predictors of SBA-rr beyond amyloid

We explored the relationships of our longitudinal measure-
ments with other explanatory variables, including FDG-PET and in-
scanmotion. Neither of these factors explained the notable variance
in our proposed longitudinal models over and above baseline Ab
status and other covariates. Although FDG-PET did show sensitivity
to Ab status in other parts of the brain, these effects did not cooccur
with those that we found to differ between groups with SBA-rr. The
proposed SBA-rr results, therefore, appear to be largely indepen-
dent of glucose metabolism as well as motion artifact. The results
are also spatially localized to anatomical coordinates within AD-
related networks, providing additional confidence in these re-
sults.2 While it is possible that cerebral atrophy could explain the
SBA-rr alterations, we found no relationship between gray matter
content at our candidate NSCs (albeit they were not optimized for
assessing atrophy patterns) and Ab positivity (results not shown).
5.4. Methodological considerations

Our analysis examined the longitudinal changes in regional
brain activity using several innovative analytical approaches. First, a
cerebellar region was used as a reference against which SBA-rr was
measured in other brain areas to capture residual aspects of motion
or physiologically related background signal that increases with age
(Savalia et al., 2017). The use of a reference region produced mea-
surements that were more stable longitudinally at an individual
level and, therefore, more statistically sensitive in serial population
studies using mixed-effects models. Second, we implemented a
high-dimensional template-based registration (Tustison et al.,
2014b) to accurately (at least within the resolution of fMRI) locate
the NSCS in each individual anatomical-functional image pair.
Third, we sampled functional values specifically within the default
and visual networks based on a substantial body of prior work
suggesting the sensitivity of these networks to AD-related pathol-
ogy and used these within a mixed-effects framework. In addition
to novel contributions, we leveraged prior work, particularly in
establishing reliable fMRI processing approaches in AD (Shirer et al.,
2015) and reliable rs-fMRI metrics (Pan et al., 2017), to guide our
decision-making in the pipeline design process. This collection of
techniques enabled a novel study of the longitudinal changes in rs-
fMRI in a cohort with evidence of amyloid pathology based on
molecular biomarkers.
5.5. Limitations and future work

A primary concern with BOLD-based studies is the degree to
which changes in signal are linked to alterations in underlying
neuronal activity. Indeed, the origin of neuro-glial-vascular
coupling and its link to BOLD images is an area of active research
and debate (Hall et al., 2016b). While Ab levels may indeed be
linked to neurovascular coupling, this study partially addresses
these concerns by employing molecular biomarkers of AD neuro-
pathology to define variables of interest. This approach was com-
plemented with informative statistical models to constrain the
interpretation by introducing measurements that may index
different points in the cascade of AD.

A second limitation of this study is that Ab status was defined
only at baseline, as would occur in an intervention study. However,
this static dichotomy does not eliminate the possibility that Ab-
negative subjects converted to Ab-positive over the study period.
Indeed, 2 subjects converted to Ab-positive in this cohort, which
may bias our findings to the statistically conservative side. This
study also dichotomizes individuals as Ab-positive if either CSF
Ab42 or 18F-florbetapir PET measurements were positive. No
cognitive impairment score was used in this decision. Such inclu-
sion criteria for determining amyloid positivity may be considered
another limitation of the study design. Future work, in larger data
sets, will allow more detailed longitudinal studies that may illu-
minate the dynamics of rs-fMRI as a function of concordant and/or
discordant Ab CSF and PET biomarkers.
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The present study had a relatively small number of individuals
and timepoints. This is an important concern when considering a
disease that evolves over a lifespan and may be impacted by yet
unknown hereditary factors. AD is likely more complex when one
considers the broader diversity of the population, whichwill impact
brain plasticity during aging, a critical substrate of cognitive
reserve. In addition, unknown contributions of secondary pathol-
ogy to AD biomarker dynamics may be a concern, as some studies
suggest that “pure AD” is relatively rare (Toledo et al., 2013). Thus,
while we sought to make our analysis specific to Ab status, it is
unclear what tau or vascular pathologies may contribute to our
observations. Furthermore, while SBA-rr showed a relatively
powerful dynamic response in this short-interval study, it remains
to be seen whether rs-fMRI will prove longitudinally sensitive in
pharmaceutical intervention studies.

Further work is needed to better characterize the dynamics of
the longitudinal changes in AD with greater anatomical and func-
tional detail in cohorts that are more representative of the global
population. It will be of critical importance to resolve the timing
and interaction of the changes in functional and molecular bio-
markers and how these relate to progressive cognitive decline.
Emerging data sets such as PREVENT-AD, UK Biobank (Miller et al.,
2016), and Lifespan Human Connectome (Fan et al., 2016; Zuo et al.,
2017) may provide this opportunity.

6. Conclusion

While there are caveats of using rs-fMRI as a dependent mea-
sure, it is a widely available tool to explore functional alterations
that may respond more rapidly to changes in disease state
compared with structural neuroimaging or other modalities,
thereby broadening the characterization of the functional impact of
pathology. Indeed, we showed that Ab status at baseline was linked
to change in SBA over time within default and visual networks and
that these changes co-occur with domain-specific cognitive decline.
Thus, SBA-rr changes are related to specific clinical symptoms and
may be independent of glucose metabolism, supporting the hy-
pothesis that positive Ab status detrimentally impacts spontaneous
neuronal activity or, more generally, neurovascular coupling.
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