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Hippocampal Hyperactivation in
Presymptomatic Familial Alzheimer's
Disease

Yakeel T. Quiroz, MA,"? Andrew E. Budson, MD,>* Kim Celone, MA," Adriana Ruiz, BA,?
Randall Newmark, BA," Gabriel Castrillén, BS,> Francisco Lopera, MD,?
and Chantal E. Stern, PhD'

Objective: The examination of individuals who carry fully penetrant genetic alterations that result in familial
Alzheimer’s disease (FAD) provides a unique model for studying the early presymptomatic disease stages. In AD,
deficits in episodic and associative memory have been linked to structural and functional changes within the
hippocampal system. This study used functional MRI (fMRI) to examine hippocampal function in a group of healthy,
young, cognitively-intact presymptomatic individuals (average age 33.7 years) who carry the E280A presenilin-1 (PS1)
genetic mutation for FAD. These PS1 subjects will go on to develop the first symptoms of the disease around the
age of 45 years. Our objective was to examine hippocampal function years before the onset of clinical symptoms.
Methods: Twenty carriers of the Alzheimer's-associated E280A PS1 mutation and 19 PS1-negative control subjects
participated. Both groups were matched for age, sex, education level, and neuropsychological test performance. All
participants performed a face-name associative encoding task while in a Philips 1.5T fMRI scanner. Analysis focused
on the hippocampal system.
Results: Despite identical behavioral performance, presymptomatic PS1 mutation carriers exhibited increased
activation of the right anterior hippocampus during encoding of novel face-name associations compared to matched
controls.
Interpretation: Our results demonstrate that functional changes within the hippocampal memory system occur years
before cognitive decline in FAD. These presymptomatic changes in hippocampal physiology in FAD suggest that
hippocampal fMRI patterns during associative encoding may also provide a preclinical biomarker in sporadic AD.
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s many as 5.3 million Americans are presently living

with Alzheimer’s disease (AD)." This progressive and
fatal neurodegenerative disorder is the most common form
of dementia, yet a cure remains elusive. Genetics research
has identified 3 genetic mutations with a dominant inheri-
tance structure linked to early-onset familial Alzheimer’s
disease (FAD): the amyloid precursor protein mutation
(APP), the presenilin-1 mutation (PS1), and the preseni-
lin-2 mutation (PS2).> The present study focuses specifi-
cally on a large Colombian family cohort of E280A PS1

mutation carriers that were first identified in 1995* and
have been well characterized in terms of their genetic, neu-
ropsychological, and neurophysiological proﬁle.s_7 These
PS1 mutation carriers develop the first signs and symp-
toms of AD at a younger age (45 years old), but in other
respects their symptoms are indistinguishable from those
of individuals with sporadic forms of the disease.”51°
Deterioration of episodic memory is one of the first
cognitive symptoms of AD, and has been associated with

functional and structural degeneration of the medial
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temporal lobe regions (MTL).""™" In particular, the hippo-
campal formation and entorhinal cortex have been shown to
exhibit pathological changes in early phases of AD, even
before clinical symptoms are evident.* There is current con-
sensus that neuroimaging tools such as positron emission to-
mography (PET), stuctural MRI (sMRI), and functional
MRI (fMRI) have the potential to identify subtle pathologic
changes earlier in the disease’s progression and could be used
as potential biomarkers of AD.">™"”

A number of fMRI studies have examined brain ac-
tivity in sporadic forms of AD and mild cognitive
impairment (MCI) patients and have demonstrated func-
tional changes during performance of episodic and asso-

15,16,18,19 1 general, AD patients

ciative memory tasks.
show decreased activation in MTL regions and increased
activation in neocortical regions, including frontal corti-
ces. Findings from studies comparing MCI patients to
controls are more variable, with some reporting decreases
in MTL activity during memory encoding,”® others
reporting no differences during encoding and decreased
activation in MTL regions during retrieval,’! and still
others reporting increases in MTL activity during encod-
ing of face-name pairs’> and objects™ in MCI patients.
The functional variability within the MCI studies may
reflect greater variability in the subject population being
studied, both in terms of cognitive variability as well as
variability in disease stage. Studies of individuals at
genetic risk for AD are more consistent, with studies
reporting increases in MTL activity during encoding of
pictures®® and face-profession pairs.”> To our knowledge,
Mondadori et al’s study® is the only fMRI study to
examine memory encoding in presenilin mutation car-
riers, but the sample size was limited to 2 carriers, and
both subjects were already cognitively symptomatic.

The present study was carried out in a cohort of
Colombian families with the E-280A mutation in the
PS1 gene. These families represent one of the world’s
largest populations with a genetic form of AD caused by
a single mutation.”® Our aim was to determine whether
different brain activation patterns are observable during
encoding of novel associations in individuals with the
PS1 mutation years before the onset of the disease and in
the absence of cognitive impairment. We hypothesized,
based on the studies in MCI patients and earlier studies
of subjects at risk for developing AD, that presympto-
matic carriers would demonstrate hyperactivation within
the hippocampal system compared to matched controls.

Patients and Methods
Participants

Subjects were recruited from the Familial Colombian Alzhei-
mer’s disease population studied at the University of Antioquia,
Medellin. A total of 39 young subjects were included in this
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study, 20 subjects were carriers of the E280A PS1 mutation
(mean age £ SD = 33.70 £ 6.01 years) and 19 were PS1
mutation—negative and served as controls (mean age = 34.47
* 6.46 years). Control participants were relatives of the PS1
carriers. Participants had a minimum of 5 years of education
and lived in the city or suburbs of Medellin (where the scanner
facility was located). Subject groups were matched for age, sex,
education, and neuropsychological assessment performance (Ta-
ble 1). Neuropsychological assessment consisted of the Consor-
tium to Establish a Registry for Alzheimer’s Disease (CERAD)
battery, which has been adapted to this Colombian popula-
tion.”” No evidence of cognitive impairments was found in all
39 subjects, as reported by their most recent neuropsychological
assessment, which was done within 6 months prior to the time
of the scanning session. All subjects were screened for MRI
compatibility. Vision was normal or corrected-to-normal.

The study was approved by the Institutional Review
Board (IRB) Committees of the University of Antioquia and of
Boston University. All subjects gave signed informed consent
before participating. Researchers were blind to the genetic status
of the participants during data collection.

Study Design

We used a face-name paired-associate learning task based on
the task developed by Sperling et al.">*® We adapted the task
for a Hispanic population by only including Hispanic faces and
names. We used an fMRI mixed-design format with 3 condi-
tions: novel face-name pairs, repeated face-name pairs, and fixa-
tion. Subjects performed a recognition test on a laptop com-
puter after the scanning session was completed.

Face-Name Paired-Associate Learning Task
Subjects underwent fMRI scanning while viewing a face pre-
sented against a black background with a fictional name printed
underneath. Each face-name pair was presented for 4.5 sec, fol-
lowed by a brief variable duration white central fixation crosshair
on a black background. A total of 86 (84 novel and 2 repeated)
face-name pairs were presented during the experiment. The
fMRI task consisted of 3 conditions that were alternated in blocks
during each scanning run. (1) Novel face-name pairs: 7 novel
face-name pairs were shown. (2) Repeated face-name pairs: 2
face-name pairs, 1 male and 1 female, were shown repeatedly. In
order to familiarize the subject with the repeated face-name pairs,
the 2 face-names were first shown during the practice run. (3)
Fixation: a white cross in the center of the visual field on a black
background was shown. Subjects were instructed to indicate
whether they thought the name “fit” with the face and to remem-
ber the face-name pairs for later testing. Responses were collected
with a response button-box that subjects used with their domi-
nant hand. Each of 6 scanning runs consisted of the following
blocks: fixation (10 sec), novel (40 sec), fixation (25 sec),
repeated (40 sec), fixation (25 sec), novel (40 sec), fixation (25
sec), repeated (40 sec), and fixation (10 sec).

Postscan Recognition Test
Following the scanning session, subjects performed a memory
recognition test in which the previously viewed face-name pairs
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TABLE 1: Subject Demographic Information and CERAD Neuropsychological Test Battery
Controls (n = 19)* PS1 Carriers (n = 20)* t ?
Gender 16 females 14 females
Age (yr) 34.47 (6.46) 33.70 (6.01) 0.38 0.70
Range 24-49 25-44
Education (yr) 10.80 (3.28) 10.70 (2.40) —0.01 0.98
Range 5-16 6-16
CERAD tests
MMSE/30 29.5 (1.0) 29.7 (0.5) —0.65 0.52
Verbal fluency 19.26 (5.23) 18.25 (4.37) 0.65 0.51
Naming/15 13.47 (1.50) 13.80 (1.10) —0.76 0.44
Memory words
Reading 10 (0.00) 10 (0.00)
Total correct/30 19.21 (3.53) 19.85 (2.88) —0.61 0.54
Total intrusions 1.68 (2.45) 0.90 (1.02) 1.29 0.20
Recall of words
Total correct/10 7.05 (1.47) 6.75 (1.47) 0.61 0.54
Total intrusions 0.32 (0.67) 0.25 (0.44) 0.35 0.72
Recognition of words
Correct “yes”/10 9.53 (0.84) 9.80 (0.41) —1.28 0.21
Correct “no”/10 9.95 (0.22) 10 (0.00) —1.00 0.33
Constructional praxis/11 9.84 (0.89) 9.95 (0.99) —0.35 0.72
Recall of drawings/11 9.11 (1.96) 8.40 (2.25) 1.04 0.30
*Values denoted mean (*standard deviation), except for ranges.
CERAD = Consortium to Establish a Registry for Alzheimer’s Discase; MMSE = Mini-Mental State Examination; PS1 = presenilin-1.

were presented along with a set of 86 new face-name pairs.
Subjects indicated by button-box whether each face-name pair

was either old or new.

MRI Data Acquisition

Anatomical and functional data were acquired on a 1.5 Philips
Achieva MR scanner at the Instituto de Alta Tecnologia Médica
(IATM) in Medellin, Colombia. For each subject, 2 high-reso-
lution T1-weighted structural MRI scans were collected to
examine cortical neuroanatomy (three-dimensional fast field
echo [3D-FFE]; field of view = 256 X 256; voxel size = 1.0
x 1.0 x 1.0 mm; 176 slices). Automatic shimming procedures
were performed. We ran 6 functional T2*-weighted gradient
echo, echo-planar blood oxygenation level-dependent (BOLD)
scans (repetition time [TR] = 2 sec; echo time = 40 msec; flip
angle = 90 degrees; field of view = 200 x 200; 24 slices] and
acquired 126 images during each scan (3.125 x 3.125 mm in-
plane resolution; 5mm slice thickness; 1mm skip between slices;
resolution 64 x 64). Slices were aligned parallel to the anterior

commissure (AC)— posterior commissure (PC)—.
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Data Analysis

POSTSCAN BEHAVIORAL ANALYSIS. Within-group
recognition accuracy was determined using a discrimination
index Pr (percent hits — percent false alarms). Independent
sample #-tests were implemented to compare the behavioral per-
formance between groups (controls, PS1 carriers).

FMRI PREPROCESSING. fMRI data were preprocessed
with SPM8 software (Wellcome Department of Cognitive Neu-
rology, London, UK). Structural and functional image data
were passed through a series of preprocessing steps: (1) Func-
tional images were reoriented such that the origin (ie, coordi-
nate xyz =[0 0 0]) was at the AC. (2) BOLD images were real-
igned to the first image within a run using INRIAlign
toolbox™ to correct for variance due to susceptibility-by-move-
ment interactions. (3) The high-resolution structural images
were coregistered to the mean BOLD image created during the
motion correction step. (4) The high-resolution structural
images were segmented into white matter and gray matter
images. A bias-corrected structural image was also created at
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TABLE 2: Behavioral Performance for Controls and PS1 Mutation Carriers
Controls® PS1 Mutation ?
Carriers”
Accuracy
Percent hits 0.64 (0.08) 0.68 (0.13) 0.29
Percent misses 0.36 (0.08) 0.32 (0.13) 0.29
Percent correct rejections 0.79 (0.07) 0.74 (0.14) 0.12
Percent false alarms 0.21 (0.07) 0.26 (0.14) 0.12
Index Pr 0.43 (0.10) 0.42 (0.11) 0.59
Reaction times (ms)
Old items 1334 (2438) 1403 (256) 0.40
New items 1406 (311) 1620 (417) 0.08
Old and new items 1376 (238) 1468 (256) 0.25
*Values are mean (*standard deviation).
Index Pr = percent hits — percent false alarms; PS1 = presenilin-1.

this step using the default tissue probability maps as priors. (5)
A group template was generated using the Diffeomorphic Ana-
tomical Registration Through Exponentiated Lie Algebra
(DARTEL) tool.*® (6) The bias-corrected structural images
were spatially normalized to this template. (7) The coregistered
BOLD images were spatially normalized into standard Montreal
Neurological Institute (MNI) space using the DARTEL tem-
plate and resampled to 3mm’ isotropic voxels. (8) Finally, all
BOLD images were spatially smoothed using a 6mm® full-
width at half-maximum Gaussian filter.

FMRI ANALYSIS. The novel and repeated blocks were mod-
eled using a boxcar function with a length of 40 sec convolved
with the canonical hemodynamic response function. The move-
ment parameters from the realignment procedure were addi-
tionally added as covariates to account for residual movement-
related spurious activation. To assess the activation during learn-
ing of face-name pairs, linear contrasts of the novel stimuli
blocks relative to repeated stimuli blocks and visual fixation
were created for each subject.

A PRIORI REGION OF INTEREST ANALYSIS: RIGHT
HIPPOCAMPUS AND LEFT HIPPOCAMPUS. Region of
interest (ROI) analysis was performed on a priori defined ROIs.
The coordinates for the ROIs were selected from a previously
published study in young and elderly controls and subjects with
mild AD using a face-name paired-associate task.'> Coordinates
were taken from the within-group activations corresponding to
the novel vs repeated contrast for young controls.'” Coordinates
were converted from the original Talairach coordinates [left:
—21, =27, —11; right: 24, —30, —11] to MNI coordinates
[lefe: —21, —27, —15; right: 24, —30, —15].

Parameter estimates (beta weights) were extracted sepa-
rately for each ROI from a sphere with a radius of 5mm. Since
the hippocampus is a small anatomical structure, a radius
of 5mm (which equals 56 voxels at 3mm isotropic voxel
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resampling) allows us to confidently state that the ROI is
within the hippocampus, and is consistent with the use of 5-
mm ROIs in imaging studies of medial temporal structures.”">?
The spheres were centered at MNI coordinates in the left hip-
pocampus [—21, —27, —15] and in the right hippocampus
[24, —30, —15]. Within each subject only the voxels signifi-
cantly active within the ROI at the threshold of 0.005 were
included in the extractions. Parameter estimates were extracted
using the SPM8 Volume toolbox. Parameter estimates were
then averaged across subjects for each ROI. An omnibus mixed-
factor analysis of variance (ANOVA) was constructed to esti-
mate all main effects of condition (novel and repeated face-
name pairs) and region (right and left hippocampus) on param-
eter estimates (beta weights), adjusting for age and years of edu-
cation. Follow-up ANOVAs were performed within the right
and left hippocampal ROIs to determine if laterality effects
were present. Statistical analyses were performed using statistical
software (SPSS version 16.0; SPSS Inc, Chicago, IL).

SPMs were generated using a combined right and left
hippocampal Wake Forest University Pick Atlas™ anatomical
mask. These maps were generated to illustrate where the
between-group differences were localized to in the hippocampus.

WHOLE-BRAIN EXPLORATORY ANALYSIS. Both within-
group and between-group comparisons were examined. Within-
group and between-group SPMs were thresholded at a p <
0.005 (extent threshold = 20 voxels) uncorrected for the main
linear contrasts of interest: novel face-name pairs vs. repeated
face-name pairs and novel face-name pairs vs visual fixation.
These brain activation maps were generated for exploratory pur-
poses in order to identify peak regions of activation for future
fMRI investigations of PS1 mutation carriers.

STRUCTURAL MRI ANALYSIS. The entire structure of the
hippocampus was manually defined in structural T1 images af-
ter spatial normalization by a study investigator (R.N.), blind
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to the genetic status, using the ITK-snap software pzlckzlgc:-:34
(heep://www.itksnap.org) and methods described in a previous
study.”” Additionally, the Duvernoy atlas was used as a reference

for anatomical details.*®

The hippocampal tail was outlined
from the first appearance of ovoid mass of gray matter inferio-
medial to the trigone of the lateral ventricle, and boundary
landmarks included the fasciolar gyrus and the crus of the for-
nix. The hippocampal head was evident by the emergence of
the uncal recess in the superomedial region of the hippocam-
pus. Important boundaries for identifying the hippocampal
head included the uncal recess of the inferior horn of the lateral
horn and the alveus.

To examine possible confounding effects of the right and
left hippocampal volumes on their respective right and left hippo-
campal activation during both novel and repeated conditions (as
measured by the beta weights), we implemented two separate par-
tial correlations with the hippocampal activation as the dependent
variable and the hippocampal volume as the independent variable.
We controlled for age and years of education by conducting par-
tial correlations and including them in the model. The partial cor-
relations were also corrected for multiple comparisons using the
Bonferroni method. All statistical analyses were performed using
statistical software (SPSS version 16.0).

Results

Performance Data

The recognition accuracy on the discrimination index Pr
was 0.43 (SD 0.10) for the control group and 0.42 (SD
0.11) for the PS1 carriers. The overall average of median
reaction time for correct responses was 1376 ms (SD
238 ms) for the controls and 1468 ms (SD 256 ms) for
the PS1 carriers. There were no significant differences in
postscan recognition accuracy (t(37)= 0.53, p= 0.59) or
reaction time (t¢(37)=—1.15, p= 0.25). Table 2 shows
the behavioral data for both groups.

A priori ROIs: Right Hippocampus and Left
Hippocampus

For the novel condition, the mean parameter estimates
were 0.19 (SD 0.33) for the right hippocampus and 0.06
(SD 0.76) for the left hippocampus for the controls, and
0.45 (SD 0.34) for the right hippocampus and 0.47 (SD
0.86) for the left hippocampus for PS1 carriers. For the
repeated condition, the mean parameter estimates were
—0.009 (SD 0.41) for the right hippocampus and 0.003
(SD 0.61) for the left hippocampus for the controls, and
—0.008 (SD 0.36) for the right hippocampus and 0.18
(SD 0.67) for the left hippocampus for PS1 carriers. The
omnibus mixed-factor ANOVA, which included group
(PS1 carriers, controls), region (right hippocampus and
left hippocampus), and condition (novel and repeated),
as well as age and education covariates, revealed a signifi-
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FIGURE 1: Carriers show greater right anterior hippocampus
activity during encoding of face-name associations. (A)
Statistical Parametric Maps (SPMs) for the comparison PS1
mutation carriers vs controls for the contrast novel face-name
pairs vs repeated face-name pairs are displayed on anatomical
images derived from an average obtained from the normalized
structural images of all subjects using an anatomical mask of
the combined right and left hippocampus with a statistical
threshold of p < 0.005 uncorrected (extent threshold 5 voxels).
PS1 mutation carriers (n = 20) demonstrate increased intensity
changes in the right hippocampus when compared to controls
(n = 19). MNI coordinates for peak activated voxel: [x,y,z][27,
—24, —12]. Color bar represents t values for all activated voxels
within the anatomical mask. (B) Parameter estimates extracted
as a sphere with a radius of 5mm and centered at the
coordinate [24, —30, —15; MNI] from the right hippocampus
for the novel face pairs and the repeated face-name pairs for
controls and PS1 mutation carriers. For the novel condition, the
mean parameter estimates were 0.19 (SD 0.33) for the controls,
and 0.45 (SD 0.34) for PS1 carriers. For the repeated condition,
the mean parameter estimates were —0.009 (SD 0.41) for the
controls, and —0.008 (SD 0.36) for PS1 carriers. The data in A
and B suggest hyperactivation in the right hippocampus as an
early functional change during associative memory encoding in
presymptomatic FAD. MNI = Montreal Neurological Institute.

cant interaction between group and condition [F(I,
35)= 5.230, p= 0.028]. This interaction indicates that
although both controls and PS1 mutation carriers dem-
onstrated greater hippocampal activity for novel face-
name pairs than for repeated face-name pairs, this activ-
ity was significantly greater in the PS1 mutation carriers.
Follow-up analyses within the right and left hippocampal
ROIs revealed, within the right hippocampus, a signifi-
cant main effect of condition [F(1,37)= 33.441, p=
0.001] and a group by condition interaction [F(1,37)=
5.120, p= 0.030], such that activity in the right hippo-
campus was significantly greater in the carriers than in
the controls during the novel condition but not during
the repeated condition (Fig 1). Activity in the left hippo-
campus during both novel and repeated face-name condi-
tions was not significantly different between groups.
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Contrast

Controls

Novel pairs vs fixation

Novel vs repeated pairs

Carriers

Novel pairs vs fixation

Novel vs repeated pairs

Region

Left lingual gyrus

Left superior medial gyrus
Right inferior frontal gyrus
Right hippocampal formation
Right middle frontal gyrus
Right cerebellum

Right middle frontal gyrus
Left middle temporal gyrus
Right post-central gyrus

Left inferior frontal gyrus
Left fusiform gyrus

Left superior medial gyrus
Left middle temporal gyrus
Left superior parietal lobule
Right parahippocampal gyrus
Left hippocampal formation
Right putamen

Right middle temporal gyrus
Right superior temporal gyrus

Right calcarine gyrus

Right middle frontal gyrus
Right superior medial gyrus
Left inferior frontal gyrus
Right inferior parietal lobule
Right middle frontal gyrus
Right superior temporal gyrus
Left middle orbital gyrus

Left inferior frontal gyrus
Right parahippocampal gyrus
Left angular gyrus

Right angular gyrus

Left hippocampal formation
Left fusiform gyrus

Right hippocampal formation

MNI = Montreal Neurological Institute.

TABLE 3: Within-Group Activations, Whole-Brain Exploratory Analysis

MNI Coordinates

X

=21

54
15
39
18
39
—45
36
-39
—33

—60
—27
24
—27
21
57
36

18
42

=51
48
30
39
—33
—45
21
—42
45
—15
—36
27

J

-90
21
18
—15
54
—66
54
—42
—30
21
—48
21
-30
—69
-3
—30
6
-39
24

-96
9

30
12
=51
51
—30
51
21
—27
—63
—60
—6
-9
—18

z

Z score

6.23
5.57
5.09
4.05
3.62
3.62
3.62
3.49
2.97
5.65
5.50
4.87
4.35
4.02
3.70
3.76
3.74
3.27
2.77

6.72
5.60
5.23
5.21
5.13
3.85
3.76
3.45
4.42
4.13
3.99
3.67
3.50
3.28
3.25

2 (uncorrected)

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.001

0.001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.001
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TABLE 4: Between-Group Differences, Whole-Brain Exploratory Analysis

Contrast Region MNI Coordinates Z score 2 (uncorrected)

X ) z

Controls > carriers

Novel pairs Right inferior occipital gyrus 36 —81 —15 4.33 0.0001

vs fixation

Left inferior frontal gyrus —33 36 15 4.24 0.0001
Left caudate nucleus —6 6 -3 4.19 0.0001
Left middle temporal gyrus —57 —60 18 3.69 0.0001
Right temporal pole 48 21 —21 3.69 0.0001
Right superior parietal lobule 21 —48 51 3.46 0.0001
Right middle frontal gyrus 27 54 21 2.63 0.0001
Novel vs Left postcentral gyrus —60 —6 24 4.70 0.0001
repeated pairs
Left middle occipital gyrus —42 -75 24 4.19 0.0001
Right postcentral gyrus 63 0 18 4.14 0.0001
Left insular lobe -30 24 3 4.02 0.0001
Left middle temporal gyrus —45 6 27 3.59 0.0001
Left lingual gyrus —18 —87 —18 3.57 0.0001
Left parahippocampal gyrus -27 —21 —27 3.19 0.0001
Right superior medial gyrus 9 45 0 3.49 0.0001
Right insular lobe 39 —18 0 3.49 0.0001
Left precuneus -3 —60 39 3.44 0.0001
Right postcentral gyrus 48 -9 36 3.17 0.0001
Carriers > controls
Novel pairs Right extrastriate/lingual gyrus 18 -90 -3 4.82 0.0001
vs fixation
Right middle frontal gyrus 30 27 30 3.47 0.0001
Right caudate nucleus 15 12 12 3.05 0.001
Left precuneus —15 —066 33 3.00 0.001
Right middle temporal gyrus 39 -9 —18 2.75 0.001
Right cingulate gyrus 15 -21 51 2.74 0.001
Right superior temporal gyrus 39 —33 —15 2.19 0.001
Right hippocampal formation 21 —24 —15 2.16 0.001
Novel vs Right middle frontal gyrus 24 -3 39 3.09 0.001
repeated pairs
Right cingulate gyrus 15 -39 39 2.95 0.001
Right superior parietal lobule 33 —42 57 2.81 0.001
Right inferior parietal lobule 51 —36 54 2.71 0.001
Right hippocampal formation 21 —24 —15 2.67 0.003
Right inferior frontal gyrus 33 27 24 2.56 0.003
Right middle frontal gyrus 42 12 42 2.47 0.005

MNI = Montreal Neurological Institute.
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A.
CONTROLS

PS1 CARRIERS

FIGURE 2: Whole brain exploratory analyses. Statistical parametric maps (SPMs) for both groups, controls and PS1 mutation
carriers, for the contrast novel face-name pairs vs repeated face-name pairs are displayed on anatomical images derived from
an average obtained from the normalized structural images of all subjects with a statistical threshold of p < 0.005 uncorrected
(extent threshold = 20 voxels). (A) Within-group analysis: both groups showed an increase in the fMRI signal response of
association areas in the frontal and parietal lobes and in the hippocampal formation to novel vs repeated stimuli. (B) Between-
group analysis: controls showed greater activity in frontal and parietal regions whereas carriers exhibited greater activity in
the right cingulate gyrus and the right anterior hippocampus to novel vs repeated stimuli. Color bar represents t values for all

activated voxels in the whole brain.

Whole-Brain Exploratory Analysis

The within-group analysis showed that for both groups
there is an increase in the fMRI signal response of associ-
ation areas in the frontal and parictal lobes and in the
hippocampal formation to novel vs repeated stimuli (Ta-
ble 3). The between-group analysis revealed differences
in distinct regions of the superior parietal lobule, middle
frontal gyrus, inferior frontal gyrus, parahippocampal
gyrus, and hippocampal formation (Table 4). Controls
showed greater activity in frontal and parietal regions
whereas carriers exhibited greater activity in the right cin-
gulate gyrus and the right anterior hippocampus (Fig 2;
see Table 4). When examining novel face-name pairs vs
fixation, both PS1 mutation carriers and controls showed
activation in bilateral parietal regions, bilateral dorsolat-
eral prefrontal cortices (DLPFC), and bilateral MTL
regions (see Table 3). Between-group comparisons for
this contrast revealed significant activations in the right
cingulate gyrus, right hippocampal formation, right cau-
date nucleus, left precuneus, and right temporal gyrus for
the PS1 carriers and significant activations in the superior
parietal and bilateral DLPFC for the controls.

872

Volumetric Measurements: Right Hippocampus
and Left Hippocampus

A repeated measures ANOVA revealed no statistically sig-
nificant differences between the volumes of the left and
right hippocampus in both the controls and the PS1
mutation carriers [F(1, 37)= 2.31, p= 0.13]. The partial
correlation analysis between left and right hippocampal
volumes and their respective novel and repeated parame-
ter estimates also did not reveal significant findings, sug-
gesting that hippocampal volume did not influence the
parameter estimates of the BOLD signal response.

Discussion

The examination of individuals who carry fully-penetrant
genetic alterations that result in FAD provides a unique
model for studying the early presymptomatic disease
stages. We used fMRI to examine the functional integrity
of the hippocampal system during the encoding of novel
associations in young, cognitively-intact, presymptomatic
individuals who carry the E280A presenilin-1 (PS1)
genetic mutation for AD. The average age of our subjects
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was 33.7 years, and the average age of disease onset in
this cohort is 45 years.” The cognitive and neuropsycho-
logical profile of our PS1 subjects matched our controls
(see Table 1). The fMRI data demonstrate that functional
changes occur in presymptomatic PS1 individuals well in
advance of the average age of onset of clinical symptoms.
Presymptomatic carriers showed greater right anterior
hippocampus activation compared to matched controls.
This difference in brain activity was observed despite the
fact that the groups did not differ in performance on the
postscan recognition test or in hippocampal volume.

Neuropathological studies of AD have demon-
strated changes in medial temporal lobe and parietal
regions. In the medial temporal lobe, neurofibrillary tan-
gles appear first in the transition zone between the ento-
rthinal and perirhinal cortex and progress to superficial
layers of the lateral entorhinal cortex. The pathology
appears to spread progressively back from anterior medial
temporal areas into more posterior medial temporal
areas,”” and from more limbic cortical areas into neocort-
ical regions. Encoding memory paradigms, such as the
face-name paired-association task that we used here, pri-
marily result in activity in the anterior MTL regions.'>*®
Anterior MTL activity is also present during long-term
encoding of novel stimuli in working memory tasks.”®>’
Encoding of novel associations has been investigated in
MCI, populations at genetic risk for AD, and AD
patients.'>'?**?> These studies found that hippocampal
activation was significantly greater when comparing indi-
viduals at preclinical stages (MCI or genetic risk) to AD
patients. Dickerson et al.** demonstrated during a face-
name associative encoding task that MCI patients had
greater hippocampal activation whereas AD patients had
hippocampal hypoactivation compared to controls. They
proposed that in early preclinical stages of AD, there is a
phase of hyperactivation that is followed by a decrease in
activation that accompanies clinical AD progression.
Celone et al.'® showed that this change in hippocampal
regions from hyperactivation to hypoactivation could also
be observed when comparing individuals at different
stages of MCI. They demonstrated that hypoactivation
was present in more impaired MCI patients compared to
controls, whereas hyperactivation was observed in the
early, less impaired stages of MCL

In the present study, we found that cognitively-
intact PS1 mutation carriers demonstrate hyperactivation
within the right anterior hippocampus during the encod-
ing of novel associations. This result is notable for several
reasons. First, this result demonstrates that changes in
hippocampal physiology are present several years prior to
the onset of detectable neuropsychological changes and
subsequent clinical symptoms. Second, this result demon-
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strates that fMRI is capable of detecting these presympto-
matic changes and suggests that hippocampal fMRI pat-
terns during associative encoding may also provide a
preclinical biomarker in sporadic AD.

Two possible interpretations could explain why cog-
nitively-intact PS1 mutation carriers demonstrate hyper-
activation within the right anterior hippocampus during
the encoding of novel associations. First, as has been sug-
gested in MCI populations, the increase in activity may
reflect compensatory recruitment of resources needed to
maintain normal cognition at presymptomatic stages of
AD. For example, previous studies in healthy young sub-
jects have shown that effective memory encoding and
recognition may be associated with decreases in neuronal
activity in the hippocampal formation.*”*! The hyperac-
tivation observed in the carriers compared to controls
may reflect more efficient encoding processes used by the
controls, so that over time they recruit fewer “resources,”
while the carriers exhibit less efficient encoding processes
which require greater recruitment of the hippocampus
during the entire memory task in order to perform
equally well.

A second interpretation of the results is that the
hippocampal hyperactivation noted in our presympto-
matic subjects and also in earlier MCI studies reflects an
carly excitotoxic disease process. There is evidence of cal-
cium dysregulation in AD from human and mouse mod-
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and it may be that calcium homeostasis is per-
turbed in our PS1 carriers and that early neurotoxicity is
already present in hippocampal neurons as early as a dec-
ade before the onset of clinical symptoms. Excitotoxicity
could also result from the PS1 mutation altering the
amyloid precursor protein regulation of axonal prun-
ing,*” resulting in excess formation of synapses within
cortical circuits.*® Excitotoxic synaptic changes could
result in the fMRI hyperactivation within the right ante-
rior hippocampus seen in our study, and would fit well
with both the known pathological progression of AD
from anterior medial temporal areas into more caudal
medial temporal areas®” and with data demonstrating a
progression of fMRI activity in MCI patients and AD
patients from early stages of hyperactivation to later
stages of hypoactivation.'®**

In conclusion, the present study extends and
increases our understanding of functional changes in the
brain during the presymptomatic stages of AD. Using
fMRI, we demonstrated that increased hippocampal acti-
vation can be detected years before cognitive impairment
and clinical diagnosis.

Neuroimaging studies with PS1 mutation carriers
represent a unique opportunity to understand the trajec-

tory of AD. Our data show how relevant it could be to
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start examining individuals at risk for AD as early as 20
years before possible clinical onset of the disease. A logical
next step is to carry out longitudinal fMRI studies in PS1
mutation populations in order to fully understand the
progression of the disease and to determine whether
changes in fMRI patterns have the potential both as an
early marker of AD and as a marker of treatment efficacy.
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