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Abstract

Animal studies demonstrate that hyperactive neurons facilitate early accumulation and spread
of tau and amyloid-B proteins in the pathological cascade of Alzheimer’s disease (AD). Human
neuroimaging studies have linked hippocampal hyperactivity to amyloid-B accumulation,
apolipoprotein €4 (APOE4) and clinical progression from prodromal AD to clinical dementia. The
relationship between hippocampal hyperactivity and early AD molecular pathology (amyloid-p
and tau accumulation) prior to clinical symptoms remains to be elucidated. Here, we studied
120 clinically normal older humans (80 females / 40 males) enrolled in the Harvard Aging Brain
Study. We measured functional magnetic resonance imaging (fMRI) activity during successful
memory encoding and amyloid-B accumulation with PiB-PET imaging. Additionally, we measured
tau accumulation using AV1451 PET imaging in a subset of 87 participants. In this subset, we
found that inferior temporal tau accumulation was associated with increased fMRI activity in the
hippocampus, but showed no clear association with amyloid. Together, the findings support a
hypothetical model of the evolution of preclinical AD that place hippocampal hyperactivity

concurrent with spread of tau pathology to neocortical regions prior to clinical impairment.

Significance Statement

The circumstances under which the hippocampus becomes hyperactive in preclinical stages of
Alzheimer’s disease (AD) have thus far remained elusive. Recent advances in positron emission
tomography (PET) tracers now enable in-vivo characterization of amyloid-B and tau
accumulation. Here, we combine amyloid and tau PET with functional magnetic resonance
imaging (fMRI) to examine the association between Alzheimer’s disease pathology and memory-

related brain activity in clinically normal older adults. We found an association between
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increased hippocampal activity and tau accumulation in the inferior temporal cortex. These data
suggest that the pathogenesis of hippocampal hyperactivity occurs concurrent with the spread
of tau pathology from the entorhinal cortex to the neocortex, prior to the clinical manifestations

of Alzheimer’s disease.
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Introduction

Neuronal hyperactivity has been implicated in the pathological cascade of Alzheimer’s disease
(AD) (Palop et al., 2007; Bero et al., 2011; Busche and Konnerth, 2015; Kriiger and Mandelkow,
2016; Palop and Mucke, 2016; Haberman et al., 2017b). In animal models, hyperactivity is tightly
linked to dysfunction of the hippocampus (Busche et al., 2008; Cacucci et al., 2008). In these
models, hyperactive neurons can be found in hippocampus, prior to emergence of memory
deficits and hyperactivity is associated with amyloid-B and tau protein accumulation
(Abramowski et al., 2008; Palop and Mucke, 2010; DeVos et al., 2013; Krtiger and Mandelkow,

2016; Wu et al., 2016).

Using functional magnetic resonance imaging (fMRI), several neuroimaging studies have
reported hippocampal hyperactivity in patients with mild cognitive impairment (Johnson et al.,
2004; Hamaldinen et al.,, 2007; Kircher et al., 2007; Huijbers et al., 2015). Hippocampal
hyperactivity is also observed in asymptomatic individuals at genetic risk for developing AD,
including mutation carriers who will develop familial AD (Quiroz et al., 2010; Reiman et al., 2012;
Quiroz et al.,, 2015) and in carriers of the apolipoprotein €4 (APOE4) at increased risk for
sporadic AD (Bookheimer et al., 2000; Johnson, 2006; Tran et al., 2017). In humans, these
increases in hippocampal fMRI activity might reflect a pathological response, or compensation,
or both at the same time. Nevertheless, the pathogenesis and temporal course of hippocampal

hyperactivity during the evolution of preclinical AD in older individuals remains to be elucidated.

The development of positron emission tomography (PET) agents for amyloid-f and tau (Klunk et
al., 2004; Xia et al., 2013) enables in-vivo assessment of these pathologies and their

relationships to fMRI activity during memory formation. Previous studies in preclinical AD have
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yielded variable reports on the relation between amyloid-f PET and hippocampal fMRI activity
(Kennedy et al., 2012; Mormino et al., 2012; Oh and Jagust, 2013; Vannini et al., 2013; Elman et
al., 2014; Huijbers et al., 2014; Sperling et al., 2014a; Rieck et al., 2015; Lockhart et al., 2017;
Marks et al., 2017). One potential reason for the discrepancies between studies may be that
hippocampal hyperactivity begins later in the course of preclinical AD after amyloid-B has
started to accumulate, and might be more closely related to the spread of tau pathology
(Sperling et al., 2014a). Recent advances in Tau PET imaging now allow this hypothesis to be
tested. Initial cross-sectional findings using AV1451 are consistent with autopsy studies (Johnson
et al.,, 2015; Scholl et al.,, 2016), and suggest that tau accumulation begins in the medial
temporal lobe before spreading into neocortical regions in the setting of amyloid-B
accumulation consistent with Braak staging (Braak and Braak, 1991). One recent study reported
a link between increased hippocampal hyperactivity and tau accumulation (Marks et al., 2017).
This study compared young with older adults, and found increased hippocampal activity in the
older adults with tau accumulation in the hippocampus (Braak I/11). Moreover, previous work
has suggested that APOE4 is particularly associated with hyperactivity (Bookheimer et al., 2000;
Johnson, 2006; Filippini et al., 2011; Tran et al., 2017). Here, we examine the relation between
tau in inferior temporal and entorhinal cortex within a large sample of older adults. This allows
us to clarify whether tau accumulation in these regions is associated with hippocampal activity
and APOE4. Our motivation to examine tau in inferior temporal and entorhinal cortex is driven
by associations with cognitive decline across the AD spectrum with amyloid deposition in
cognitive normal older adults (Johnson et al., 2015). Using amyloid in the neocortex, tau PET and
APOE4 status, we can further refine our understanding of hippocampal hyperactivity in older

adults, (Sperling et al., 2014a; Villemagne and Chételat, 2016) and examine the preclinical
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associations between these markers and hippocampal fMRI activity in clinically normal older

adults.

Material and Methods

One hundred and twenty normal older adults (aged 63-90, M=75.22, SD=6.6, female=80) were
recruited from the Harvard Aging Brain Study, an ongoing study designed to further our
understanding of normal aging and preclinical Alzheimer’s disease (Dagley et al., 2017). All
participants were fluent English speakers and had normal or corrected-to-normal vision.
Participants were cognitively normal based on the Mini Mental State Exam (score > 26;
RRID:SCR_003681; (Folstein et al., 1975) and scored above age- and education-adjusted cutoffs
on the 30-minute Delayed Recall of the Logical Memory Story lla (score > 11; (Wechsler, 1984).
Ten of the 120 participants were rated 0.5 on the global Clinical Dementia Rating (CDR;
RRID:SCR_003678; (Morris, 1993) within one year of their PET imaging, however, none met
criteria for Mild Cognitive Impairment (MCI) (Petersen, 2004). Written informed consent was
obtained from every participant before experimental procedures and the study was approved
and conducted in accordance with the Partners Human Research Committee at the

Massachusetts General Hospital and Brigham and Women’s Hospital (Boston, MA).

In all 120 older adults, we measured functional MRI during memory encoding of novel faces. We
also obtained a structural MRI using a T1-MPRAGE, and a PET scan, using Pittsburg Compound B,
to measure amyloid-f accumulation and a comprehensive neuropsychological examination. In a
sub-cohort of 87 participants, we also obtained a PET scan using 18-F-AV-1451, also known as

“T807” or “Flortaucapir”, to measure tau accumulation. In one control analysis, we further
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examine a sub-cohort of 80 adults, who have been characterized by APOE4 status and all of the
above-mentioned imaging markers: (f)MRI, amyloid and tau PET (see table 2). The average time
differences (in days) between the visit for MRI, amyloid PET (PiB), tau PET (AV1451) and the
neuropsychological (NP) examination was 143 days + 239 for MRIvsPiB (min = 4; max = 1088);
137 days + 99 for MRIvsAV1451 (min = 7; max = 1211); 182 days * 252 for PiBvsAV1451 (min = 2;
max = 1149); 67 days = 61 for MRIVsNP (min = 0; max = 214); 196 days * 221 for PiBvsNP (min =

0; max = 1048) and 156 days + 99 for AV1451vsNP (min = 16; max = 356).

Memory encoding task

The memory-encoding task was comprised of 48 novel faces shown for 7500 milliseconds each
during the MRI scan. The face stimuli were color photos of unfamiliar individuals who varied in
age (range 18 to 90 years), ethnicity, and sex. The novel faces were intermingled with 120
famous faces and participants indicated whether they knew the face or not. Because we focused
on novel memory encoding, which robustly engages the hippocampus, data from these famous
faces is not included in the current manuscript (Huijbers et al., 2016). In the inter-trial-interval,
participants viewed a white fixation cross for a duration between 500-12500 milliseconds. The
trial order and durations of the inter-trial-intervals were optimized using optseq2 (Dale, 1999).
Visual stimuli were projected on a screen positioned at the head of the magnet bore and seen
via a mirror attached to the head coil. Responses were made with the right hand using an MRI-
compatible button-box. Head motion was restrained with foam pads and scanner noise was
minimized using earplugs and noise-reduction headphones. Following the MRI participants
conducted a recognition test of the 48 faces encoded during the MRI scan intermingled with
another 48 novel faces (foils). Participants indicated via a response-box whether they had

previously seen each face or not. The post-scan recognition test was self-paced.
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Magnetic Resonance Imaging

The MRI data were collected on two matched Siemens TrioTim 3.0 Tesla scanners (Siemens
Medical Systems, Erlangen, Germany), at the Athinoula A. Martinos Center for Biomedical
Imaging (RRID:SCR_012324). Both scanners were equipped with a 12-channel phased-array head
coil. High-resolution T1-weighted anatomical images were acquired using an MPRAGE with the
following parameters: 256 sagittal slices, repetition time (TR) = 2300 ms, echo time (TE) = 2.95
ms, inversion time (TI) = 900 ms, flip angle (FA) = 9°, FOV=270x253 mm, matrix=256x240, voxel
size = 1.05x1.05x1.2 mm. Task-evoked functional magnetic resonance imaging (fMRI) using
blood oxygenation level-dependent (BOLD) contrast were acquired using a T2*-weighted
gradient-echo planar (EPI) sequence. We acquired 6 fMRI time series of 180 volumes, (after
excluding 4 dummies). Each volume consisted of 33 axial slices, 3.0 mm thickness, with a skip of
0.8 mm; TR = 2000 ms; TE = 30 ms; FA = 90°, FOV = 192x192 mm, matrix = 64x64, effective voxel

size = 3.0x3.0x3.8 mm.

The fMRI time series were preprocessed and analyzed using SPM8 (RRID:SCR_007037). The
data were slice time-corrected, realigned and normalized to the MNI EPI template, resampled to
3.0x3.0x3.0 mm voxels and smoothed with 8 mm full-width half-maximum Gaussian kernel
GLM-Flex was used to perform group level voxel-wise whole brain analyses (Harvard Aging Brain
Study, Martinos Center, MGH, Boston, MA, http://mrtools.mgh.harvard.edu). The event-types in
the general linear model (GLM) were defined by the experimental design and coded as novel or
famous. The novel items were separately included in the SPM model based on the responses
from the subsequent memory test (encoding hit or encoding miss). The famous items were also

modeled, but these data are not reported here. Similarly, omissions were included in the SPM
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model, but not used in any of the analyses. Group fMRI analyses consisted of voxel-wise one-
sample t-tests using the contrasts: encoding hit > encoding miss (positive encoding success
activity) or encoding miss > encoding hit (negative encoding success activity). We employed a
threshold of p < 0.05, FDR-corrected with a minimum cluster size of 20 voxels (540 cubic mm)
(Figure 1A). Statistical group maps were visualized using FIVE (Harvard Aging Brain Study,
Martinos Center, MGH, Boston, MA, http://mrtools.mgh.harvard.edu) and either projected to
the cortical surface via a standard MNI to the FreeSurfer fsaverage transformation (Figure 1A) or
overlaid on the standard SPM8 T1-weighted volume (Figure 2A). In addition, we extracted the
beta estimates using a 5mm radius at peaks of activity from the left hippocampus and (MNIy,, =
-24,-10,-22) and right hippocampus (MNl, = 27,-4,-28), defined by the contrast for positive
encoding success activity (encoding hit > encoding miss). We used the individual beta-estimates

to calculate the mean activity for use in linear models.

Positron Emission Tomography

The positron emission tomography (PET) data were collected on Siemens ECAT HR+ scanner
(Knoxville, TN) at Massachusetts General Hospital (RRID:SCR_012544). The PET data were
collected in 3D mode; 63 image planes; 152mm axial FOV; 5.6mm transaxial resolution and
2.4mm slice interval. The data was reconstructed, attenuation corrected, and evaluated to verify
adequate count statistics and absence of head motion. PET images were co-registered to the
corresponding T1-MPRAGE image for each subject using a 6 degree of freedom, rigid body
registration, and structural ROIls, as determined by FreeSurfer (RRID:SCR_001847), were
mapped into native PET space. The ROIs were delineated with individual anatomy, using the
standard freesurfer Desikan-Killiany parcellation, as assembled into the GTM volumetric

segmentation by the FS PET routines (gtmseg) introduced in (Greve et al., 2016). Pittsburgh
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Compound B (PiB: N-methyl-[*'C]-2(4-methylaminophenyl)-6-hydroxybenzothiazole) was
prepared and acquired using previously described methods (Mathis et al., 2002; Johnson et al.,
2007). Briefly, PiB (10 —15 mCi) was injected as a bolus, followed by 60 min of dynamic PET
acquisition in 69 frames (12 frames of 15 seconds; 57 frames of 60 seconds). AV1451 (T807: [**F]
7-(6-nitropyridin-3-yl)-5H-pyrido[4,3-b]indole, Avid Radiopharmaceuticals, Philadelphia, PA) was
prepared and acquired using previously described methods (Johnson et al., 2015). Briefly,
AV1451 images were acquired from 80-100 minutes in 4 x 5-minute frames after a 10.0 + 1.0
mCi bolus injection. For both PiB and AV1451, we utilized a cerebellar grey matter reference
region from the FreeSurfer aseg atlas as previously described (Becker et al., 2011). AV1451
measures were computed as standardized uptake value ratios (SUVR), and PiB measures were
computed as distribution volume ratios (DVR) using the Logan graphical method (Logan et al.,
1990) with slopes calculated over the 40-60 min time frame. Additionally we performed partial
volume correction using the geometric transform matrix method (Rousset et al., 1998) as
implemented in FreeSurfer (v6.0), and described in (Greve et al., 2016), using a slightly modified
FreeSurfer atlas mapped to each subjects native PET space that included ROIs for cerebral spinal
fluid, white matter, and extra-cerebral structures. The partial volume correction processing was

performed assuming a uniform 6mm point spread function.

For the statistical analysis of the behavioral data, we used t-tests (two-sided) and Pearson
correlations (denoted as R). Unless stated differently, M denotes the mean, SD the standard
deviation, df the degrees of freedom and + the standard error of the mean. In addition to the
whole-brain analysis (Figure 1), we quantified amyloid-B (PiB) in the neocortex using a
composite that included regions in the association cortex, comprised of frontal, lateral and

retrosplenial regions, as previously described (Sperling et al., 2009). Based on the findings in
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Johnson et al (2015), we focused our region of interest analysis of AV1451 on the inferior
temporal cortex and the entorhinal cortex. To assess relationships between PET-amyloid (PiB) or
PET-tau (AV1451) and encoding success activity (fMRI), we used linear regression models
implemented in R v3.0.1 (RRID:SCR_001905; http://www.r-project.org/) and the companion to
Applied Regression Toolbox (Fox and Weisberg, 2011). We used ggplot2 (RRID:SCR_014601) for

data visualization.

Results

Group demographics and behavioral results

Demographic variables for the entire sample and subset with tau PET imaging are presented in
Table 1. We did not find statistically significant differences between the low- and high-PiB
groups. The percentage of successfully encoded items (hit-rate) was 68.5% + 1.7 and the
percentage of incorrectly endorsed novel foils (false alarm-rate) was 11.4% + 1.1. Memory
performance, as defined by d-prime, was 1.96 + 0.07. During the MRI, the response times for
hits were 2795 + 63 ms. and for misses 3719 + 92 ms. A paired t-test demonstrated that the hits
were significantly faster than the misses (t-value = 10.89, df = 119, p < 0.001). During the
subsequent memory test, the response times for hits were 1872 + 48 ms., for misses 2215 + 81
ms., for correct rejections 1837 £ 56 ms. and for false alarms 2601 + 147 ms. Paired t-tests again
demonstrated that hits were significantly faster than misses (t-value = 5.46, df = 119, p < 0.001),
and similarly correct rejections were judged faster than false alarms (t-value = 5.98, df = 107, p <

0.001).

Whole brain maps

11
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We first visualized whole-brain fMRI activity and identified brain regions functionally engaged
during successful memory formation (Figure 1A, p < 0.05 FDR-corrected). We found positive
encoding success activity (hits > misses) in the visual cortex, fusiform gyrus, parahippocampus
and hippocampus and negative encoding success activity (misses > hits) in the posteromedial
cortex, anterior cingulate cortex, angular gyrus and lateral temporal cortex, As also noted by
previous studies, the regions that show negative encoding success activity resemble a subset of
the default-mode network (Daselaar et al., 2004; Gilmore et al., 2015) and have been described
as a “core memory network”(Rugg and Vilberg, 2013). The positive encoding success activity
resembles a subset of task-positive regions (Fox et al., 2005) that overlap with the ventral
stream (Goodale and Milner, 1992). Second, we visualized whole brain amyloid-B PET DVR using
neocortical PiB uptake with the cerebellar gray matter as the reference region (Figure 1B). To
exemplify the anatomic pattern of amyloid accumulation in preclinical AD, we created a contrast
between the 30 cognitively normal older adults with the highest global cortical amyloid uptake,
as compared to 30 adults with the lowest uptake, so as not to bias the maps by uptake in any
specific region. What can be appreciated visually is that difference in amyloid-B accumulation is
most pronounced in the heteromodal association cortex, including the posteromedial cortex,
anterior cingulate cortex, angular gyrus and lateral temporal regions, a set of regions that
include the above referenced default-mode network (Raichle et al., 2001; Buckner, 2005). Third,
we visualized whole brain tau PET SUVR using the ratio of local AV1451 uptake divided by
uptake in cerebellar gray matter (Figure 1C). To exemplify the anatomic pattern of tau
accumulation in preclinical AD, we again created contract between the 30 cognitively normal
older adults with the highest global tau uptake, as compared to 30 adults with the lowest tau
uptake. What can be appreciated visually is that difference in tau accumulation is most

pronounced in in the temporal lobe. This pattern of tau accumulation in clinically normal older

12
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adults is consistent with recent tau PET studies across the spectrum of Alzheimer’s disease

(Johnson et al., 2015; Ossenkoppele et al., 2016; Scholl et al., 2016; Jack et al., 2018)

Region of interest

To assess the relationship between fMRI, amyloid-B and tau PET, we used region of interest
(ROI) analyses based on previous studies. For amyloid- PET (PiB), we used a composite ROI of
association cortices (Mormino et al., 2014). For tau PET (AV1451), we examined ROls in the
entorhinal cortex and inferior temporal cortex (Johnson et al., 2015). In previous work from our
group, the inferior temporal ROl has consistently shown the largest effect size in AV1451
between clinically normal adults and MCI/AD patients. In cognitively normal older adults,
inferior temporal tau might be a putative marker of early AD-related tau spread into the
neocortex, whereas entorhinal tau is observed nearly ubiquitously in advanced aging (Johnson
et al., 2015). Thus, comparing the relation between hippocampal fMRI activity and entorhinal
versus inferior temporal tau provides a cross-sectional hint regarding the relative stage of tau
spreading at which the hippocampus may become hyperactive. In the subset of 87 older adults
with tau PET imaging, we found that regional tau levels in the inferior temporal and entorhinal
cortex were correlated (R = 0.589, t-value = 6.73, df = 85, p-value < 0.001). PiB amyloid level in
the neocortex was correlated with both inferior temporal AV1451 (R = 0.340, t-value = 3.33, df =
85, p-value = 0.001) and entorhinal AV1451 (R = 0.364, t-value = 3.60, df = 85, p-value < 0.001),
such that greater amyloid accumulation was associated with greater neocortical and entorhinal

tau accumulation.

Figure 2A shows no relation between positive encoding success activity in the hippocampus and

amyloid-B accumulation in the cortex (R = -0.126, t-value = -1.38, df = 118, p-value = 0.170).
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Figure 2B shows no relation between positive encoding success activity in the hippocampus and
tau accumulation in the entorhinal cortex (R = 0.155, t-value = 1.433, df = 85, p-value = 0.332).
However, we observed a positive relationship between positive encoding success activity in the
hippocampus and tau accumulation in the inferior temporal region (Figure 2C, R = 0.239, t-value
= 2.27, df = 85, p-value = 0.026). Thus, greater tau accumulation in inferior temporal is
associated with increased activity in the hippocampus. Next, we used linear models to further
clarify the relation between fMRI activity in the hippocampus and AV1451 signal (Table 2). The
linear models confirm that tau accumulation is related to increased hippocampal activity, with
and without controlling for amyloid-B accumulation, APOE4 status, age, sex and education. In
addition, we ran models including the interaction between amyloid-B and tau, but this

interaction term was not significant.

Finally, to aid in interpretation of our results, we examined the associations between the brain
and behavioral measurements across participants. We correlated the main neuroimaging
measurements; hippocampal fMRI activity, inferior temporal tau (AV1451) and neocortical
amyloid (PiB), with the main behavioral measurements; d-prime, hit-rate, false alarm-rate and
the response times (rt) for hits and correct rejections (CR), while controlling for age, sex and
education. We only found a significant partial correlation between the false alarm-rate and

interior temporal tau (R = 0.254 t = 2.32, df = 85, p-value = 0.020).

Discussion

In clinically normal older adults, we found that increased hippocampal fMRI activity was

associated with greater tau accumulation in the inferior temporal neocortex, but not with
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amyloid-B accumulation. However, tau related hippocampal hyperactivity is not easily explained
by a single factor. When hippocampal activity is examined in a model with amyloid, tau and
APOE4, there are also associations with amyloid accumulation and APOE4. These findings in
cognitively normal older adults suggest that hippocampal hyperactivity begins in preclinical

stages and may be an integral part of the destructive cycle of AD pathophysiology.

Aberrant activity

Aberrant brain activity in the hippocampus is a relatively consistent finding in animal models of
AD and is associated with nearly all markers of AD, including amyloid, tau and
neurodegeneration (Palop and Mucke, 2016; Haberman et al., 2017a). In humans, aberrant
epileptiform brain activity, as measured via electroencephalography (EEG), may also play a role
in AD progression (Rao et al., 2009; Vossel et al., 2013; 2016). A role for aberrant brain activity in
the development of AD is also consistent with the higher prevalence for seizures in familial AD
(Zarea et al., 2016). The most compelling evidence for hippocampal hyperactivity -as measured
by fMRI- is observed in familial AD. Mutation carriers typically show increased hippocampal
activity during memory encoding as compared to non-carriers (Quiroz et al., 2010; Reiman et al.,
2012; Quiroz et al., 2015). In sporadic AD, APOE4 carriers have been repeatedly associated with
hippocampal hyperactivity, most notably in preclinical stages (Bookheimer et al., 2000; Johnson,
2006; Tran et al., 2017). These findings, together with our current results, add to the body of

evidence that increased hippocampal activity is associated with AD pathology, most notably tau.

Our work replicates some the main findings by Marks et al (2017), but also provides new insight
into hippocampal hyperactivity. We found a similar association between hippocampal

hyperactivity and tau in an independent cohort nearly three times larger. Yet, our findings also
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differ in several respects. First, Marks et al (2017) identified hyperactivity relative to young
adults. Our cohort — the Harvard Aging Brain Study - includes only older adults. We identified
hyperactivity, within older adults, relative to tau pathology and independent of task
performance. Both studies also used different memory paradigms to evoke fMRI activity. Marks
et al (2017) used a pattern segregation-completion paradigm (Yassa and Stark, 2011). Using this
paradigm, Marks et at (2017) found that “pathological activity” evoked by false-alarms,
correlated with tau accumulation. This finding is somewhat consistent with our behavioral
correlation between tau and the number of false alarms in the post-scan recognition. Here, we
used a face memory encoding paradigm to elicit fMRI activity. In addition to the association with
tau, we also found a negative association with amyloid with the same contrast (hits vs. miss). In
Marks et al (2017), the association with amyloid was positive, but relative to another contrast,
that identified deactivations (hits versus baseline). In sum, while Marks et al (2017) found
specific amyloid and specific tau effects on different task conditions, we find that amyloid and
tau demonstrate opposing influences on same task-evoked measurement of hippocampal

activity.

Aberrant or Compensatory activity?

One interpretation is that increased fMRI activity can be compensatory (Kircher et al., 2007;
Miller et al., 2008; Mormino et al., 2012; Elman et al., 2014). Elman et al. (2014) demonstrated
that clinically normal older adults with amyloid-B accumulation show compensatory activity in
neocortical brain regions outside of the default-network, including so-called task-positive brain
regions (Fox et al., 2005). These compensatory increases in activity are associated with better
memory performance. Yet, no association with memory performance was found with
hippocampal activity, consistent with our current findings. Several other studies have converged

on a “cognitive reserve network” (Stern, 2005; Barulli and Stern, 2013; Franzmeier et al., 2017).
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This reserve network overlaps with task-positive brain regions most notably in the prefrontal
cortex, and does not include the hippocampus or default-network. The idea of a cognitive
reserve network implies that compensation is not only possible via local increases in brain
activity, but via reorganization of activity in connected brain regions (Park and Reuter-Lorenz,
2009; Franzmeier et al., 2018). Thus, one possibility is that compensatory activity typically
occurs in task-positive regions, while increased activity in the hippocampus and default-network
are more likely to reflect aberrant processes. Cross-sectional studies cannot provide a definitive
answer. It remains an open question if increased hippocampal activity, in relation to tau
accumulation, is compensatory, a sign of impending pathological hippocampal failure or
potentially evidence of both processes. Longitudinal and intervention studies are required to

evaluate these competing hypotheses.

Hyperactivity is associated with tau aggregation

Our findings provide a potential explanation for discrepancies between existing fMRI studies of
hippocampal hyperactivity and neocortical amyloid-B accumulation in clinically normal older
adults. Our results indicate that hippocampal hyperactivity is most clearly seen in the setting of
elevated neocortical tau accumulation, consistent with other recent reports (Lockhart et al.,
2017; Marks et al.,, 2017). Together these results suggest that varying degrees of tau
accumulation in the inferior temporal cortex might help explain why some studies in clinically
normal adults found hippocampal hyperactivity (Mormino et al., 2012; Oh and Jagust, 2013),
while other studies did not (Kennedy et al., 2012; Vannini et al., 2013; Elman et al., 2014;
Huijbers et al., 2014; Rieck et al., 2015; Foster et al., 2018). Histopathological studies indicate
tau aggregation starts in the entorhinal cortex (Braak and Braak, 1991; Nelson et al., 2012) and

is nearly ubiquitous in advanced aging, while tau in the inferior temporal cortex is indicative of
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more advanced stages of preclinical AD (Jack et al., 2016). We found that hippocampal
hyperactivity was associated with tau in the inferior temporal cortex, but not with tau in the
entorhinal cortex. These findings are also consistent with our previous work, prior to the advent
of tau PET imaging, where we only observed hippocampal hyperactivity in a subset of older
individuals with elevated amyloid and a CDR 0.5, but not yet meeting MCI criteria (Sperling et
al., 2009), as well as our previous studies in MCI patients with evidence of elevated amyloid-B
(Huijbers et al., 2015). We suspect that these participants with early cognitive impairment would
have been likely to have elevated neocortical tau as well. In sum, the results suggest that the
hippocampus becomes hyperactive, relatively independent of amyloid, concurrent with the

spread of tau from the entorhinal cortex to the neocortex, prior to cognitive impairment.

Our findings suggest that hippocampal hyperactivity is mostly driven by tau accumulation,
although, we also find an influence of amyloid and APOE4. In cognitively normal older adults,
tau and amyloid accumulation seem to have an opposite influence on hippocampal activity. This
suggests that previous studies, that found a positive association between hippocampal activity
and amyloid accumulation, might actually have been driven by tau accumulation (Mormino et
al., 2009; Sperling et al., 2009). Note APOE4 is likely to interact with amyloid and tau
accumulation. However, segregating the influence of amyloid, tau and APOE4 is currently
beyond the scope (and statistical power) of our cohort. APOE4 carriers tend to show increased
hippocampal activity much earlier in life, as compared to non-carriers (Jagust, 2016). In APOE4
carriers, increased hippocampal activity has been shown in mid-twenties, prior to accumulation
of amyloid and tau (Bookheimer et al., 2000; Dennis et al., 2010; Filippini et al., 2011).
Hippocampal hyperactivity could therefore also precede, and facilitate, the accumulation of

amyloid and tau in APOE4 carriers. Future longitudinal studies, that include APOE4 carriers and
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APOE4 non-carriers in mid-life might prove very helpful in answering the open question

regarding whether hyperactivity facilitates the accumulation of amyloid and tau.

Limitations

A first limitation is the cross-sectional nature of the data. We cannot draw strong inferences
about the order of events or the progression of AD pathology based on these data alone.
Nevertheless, several recent studies have linked hippocampal hyperactivity to cognitive decline
(Huijbers et al., 2015) and amyloid accumulation (Leal et al., 2017). Together with other studies
that found an association between tau and cognitive decline (Johnson et al., 2015; Buckley et al.,
2017), and hyperactivity (Lockhart et al.,, 2017; Marks et al., 2017) this suggest a role for
hippocampal hyperactivity in disease progression. Yet, without interventions and longitudinal
measure of cognition, fMRI, amyloid and tau, it is impossible to elucidate the sequence of
events. A second limitation is that in a subset of participants (n = 39), the time between tau PET
acquisition and fMRI acquisition was over a year. In the subset of data collected within a single
year (n = 48), we re-examined the relation between inferior temporal tau and hippocampal
activity. In this subset, we found a stronger association between hippocampal hyperactivity and
inferior temporal tau (R = 0.408 df = 46; t-value = 3.03; p = 0.004). Thus, the findings might
underestimate the relationship between hippocampal hyperactivity and inferior temporal tau
due to the delay between tau PET and fMRI acquisition. A third limitation is that task-evoked
fMRI depends on the task and contrast (Gusnard and Raichle, 2001; Stark and Squire, 2001), as
also discussed above in relation to (Marks et al., 2017). As a consequence, our findings, although

consistent, are not directly comparable with studies that used different task paradigms.

Implications
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We still lack an effective treatment for Alzheimer’s disease (Selkoe, 2012). The association
between hippocampal hyperactivity and tau accumulation in clinically normal older adults
supports the idea that neuronal hyperactivity is a potential target for treatment in Alzheimer’s
disease (Bakker et al., 2012; Busche and Konnerth, 2015; Haberman et al., 2017b). Hyperactive
neurons could be partially responsible for memory dysfunction and reducing hyperactivity may
be beneficial for hippocampally mediated memory (Bakker et al., 2015). Secondly, in terms of
prevention of AD, hyperactive neurons increase the release of excitotoxic amyloid and tau
proteins in the synaptic cleft and could facilitate the spread of AD pathology throughout the
brain (Cirrito et al., 2005; Yamada et al., 2014; Kriger and Mandelkow, 2016). AV1451 and other
tau PET tracers, together with amyloid-p PET, are likely to play a vital role in the characterization
of preclinical Alzheimer’s disease pathology. This will help further elucidate the role of aberrant
activity in the hippocampus in the preclinical trajectory of Alzheimer’s disease. To fully prevent
cognitive decline, particularly in the later stages of preclinical AD, we may need to pursue other
mechanisms beyond amyloid or tau and consider therapies that mitigate excitotoxicity (Sperling

et al., 2014b).
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Legends

Figure 1: Whole brain maps illustrating the co-localization of fMRI activity, amyloid-B and tau
accumulation. 1A shows task-evoked fMRI activity across all participants on the cortical surface
(p < 0.05, FDR-corrected). Warm colors show positive encoding success activity, cool colors show
negative encoding success activity. 1B shows the mean amyloid-B accumulation using PET-PiB
expressed as distribution volume ratio (DVR) across all participants. The red colors indicate areas
with high levels of accumulation and blue with low. 1C shows the mean tau accumulation, using
PET-AV1451 expressed and standardized volume uptake ratio (SUVR) across the subset with tau

data.

Figure 2: Scatterplots of associations with hippocampal activity. 2A: the T1-weighted slice
illustrates fMRI activity in the hippocampus (p < 0.05, FDR-corrected). 2B: scatterplot of
hippocampal activity and neocortical amyloid-B (PiB). 2C: scatterplot of hippocampal activity
and entorhinal tau (AV1451). 2D, scatterplot of hippocampal activity and inferior temporal tau.
The line indicates the best fit for a linear regression model. R denotes the correlation coefficient,

N = the number of observations, * = p < 0.05.

Table 1: Demographics. N denotes the number of participants. F = female, M = male, d-prime
denotes memory performance. The left column shows the demographics from the entire and

the right columns show the demographics from sub-cohort tau PET data

Table 2: Linear regression models. Four models that examine predictors of hippocampal fMRI

activity. Model | includes amyloid-B (PiB) as a predictor, Model Il includes inferior temporal tau
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(AV1451). Model llI includes both amyloid-B and tau. Model IV includes amyloid-B, tau and

APOE4 status. Each model includes the control variables, age, sex and years of education.
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Table 1: Participants information in subset of the Harvard Aging Brain Study
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All Participants with Tau and Amyloid Amyloid Only stats p-value

N 120 87 33

Age 75.22 + 6.60 75.00 * 6.74 75.38 + 6.15 T= 0.16 0.87
Gender 809 / 404 529 / 284 239 / 104 x2= 0.05 0.83
Years of Education 1630 + 3.07 16.41 + 3.14 16.27 + 2.49 = 0.06 0.95
Clinical Dementia Rating (CDR) 109 CDRO / 11CDR.5 70CDRO / 10CDR.5 70CDRO / 1CDR.S5 x2= 1.20 0.27
CDR sum of boxes (SB) 0.14 + 0.32 0.17 + 0.36 0.12 + 0.22 T= 0.46 0.65
Recognition Accuracy (hit rate) 0.69 + 0.19 0.69 + 0.19 0.67 = 0.17 T= 0.53 0.60
Recognition Errors (false alarm rate) 0.11 + 0.12 0.12 + 0.12 0.11 + 0.11 = 0.38 0.70
d-prime 196 + 0.78 194 + 0.81 193 + 0.72 T 0.22 0.82
APOE4 status (g4) 74€4- | 36¢ed+ 52e4- [ 28¢e4+ 22e4- | 8ed+ X2= 0.36 0.55
Amyloid status (AB) 93AB- / 27 AB+ S9AB- / 21AB+ 29AB- / A4AB+ x2= 205  0.15
Neocortical AB (PiB) 117 + 0.18 1.17 + 0.18 116 + 0.19 T= 037 0.37
Entorhinal Tau (AV1451) 131 + 0.29 131 + 0.29 NA NA

Inferior Temporal Tau (AV1451) 1.45 + 0.15 146 + 0.14 NA NA

1



Table 2: Predictors of hippocampal hyperactivity

Dependent variable:

Hippocampal Hyperactivity (fMRI)

model | model Il model Il model IV
Amyloid (PiB) -0.175 -0.327 *** -0.445 ***
Tau (AV1451) 0.302 * 0.426 ** 0.596 ***
APOE4 0.088 *
Age 0.003 0.002 0.003 0.003
Sex -0.033 -0.023 -0.017 -0.027
Education 0.004 0.004 0.005 0.005
Constant -0.004 -0.534 -0.413 -0.583 *
Observations 120 87 87 80
R? 0.030 0.064 0.132 0.215
Adjusted R? -0.004 0.018 0.078 0.150
Note *p<0.1; ¥**p<0.05; ***p<0.01
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