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Abstract
Previous studies of episodic memory report a greater extent of blood-oxygenation-level-dependent
(BOLD) response in non-demented older adults with the apolipoprotein E epsilon-4 (APOE ε4) allele
than in those without the allele. We conducted a functional MRI study to investigate whether APOE
genotype is related to brain response to verbal paired-associate encoding and consolidation,
particularly in the right hemisphere, among non-demented older adults. Structurally segmented
volumes and BOLD response were measured in 13 non-ε4 and 12 ε4 subjects. The ε4 group displayed
greater activation than the non-ε4 group in multiple right hemisphere regions for previously encoded
word pairs relative to fixation. Activation within manually outlined hippocampal regions of interest
also displayed genotype-specific dissociations consistent with whole brain analyses. Furthermore,
this differential BOLD response occurred in the presence of equivalent behavioral and
neuropsychological performances as well as comparable hippocampal and overall structural
segmentation volumes between groups. Results implicate a widely distributed and interconnected
network of right hemisphere brain regions that may be involved in compensating for APOE ε4-related
deficiencies associated with verbal episodic memory encoding and consolidation.
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1. Introduction
Subtle changes in episodic memory can be an early indicator of the development of Alzheimer's
disease (AD) in non-demented older adults [1,2,5,10,21,23,24,27,43]. These early “preclinical”
memory changes are more likely to occur in those with a genetic susceptibility marker for AD,
the apolipoprotein E (APOE) ε4 allele [11,37], than in those without this risk factor. In parallel
with these findings, structural [32,44] and functional [4,6,15,20,34,42] neuroimaging
alterations are more evident in non-demented elderly with the ε4 allele than in those without
this allele type.

These results suggest that the combined use of functional neuroimaging and genetic
assessments may offer a promising avenue for early and accurate recognition of preclinical
AD. The need for such sophisticated and sensitive multimodal approaches for early detection
has increased with the advent of treatments that may be most effective when applied in the
earliest stages of AD, before significant neuronal loss has accrued [31]. A few studies have
investigated the relationship between APOE genotype and functional neuroimaging of memory
processes in non-demented elderly, but the interpretation of these results has been confounded
by a number of factors. These include: (1) poorer memory in the ε4 group than in the non-ε4
group [6], (2) questions of interpretability of signal change via the subtraction method,
particularly when contrasting two higher-level conditions such as novel versus familiar items,
(3) no assessment for differential atrophy [6,20], or (4) the use of general standard space region
of interest (ROI) analyses rather than specific individualized native space renderings [4,20]
(see also Vandenbroucke et al. [46] for discussion).

The present study served to address these concerns by examining APOE genotype-related
differences in functional brain response to verbal paired-associate encoding and consolidation
by controlling for equivalent behavioral performances and examining structural volumetry,
including manually outlined hippocampal ROIs defined in native space, in ε4 and non-ε4 non-
demented older adults. Given that elderly with the ε4 allele are more likely than those without
the allele to be in a preclinical stage of AD, we hypothesized that the ε4 group would require
more brain activation than the non-ε4 group to maintain the same level of memory performance.
In addition, we expected an over-recruitment of right medial temporal lobe (MTL) activation
during verbal paired-associate encoding and consolidation consistent with [26] finding that
greater right MTL engagement is associated with better verbal list learning, and with the
findings from a growing number of fMRI studies of at-risk older adults [4,15,16,20,25,26].
Thus, in the context of equivalent learning performance, we predicted that more right
hemisphere response would be required by ε4 individuals.

2. Methods
2.1. Subjects

Twenty-five healthy and independently living older adults were recruited with institutional
review board-approved procedures from a larger pool of volunteers participating in the UCSD
Alzheimer's Disease Research Center as well as from a longitudinal study of aging. Participants
were selected without regard to ethnicity, race, or socioeconomic status. The recruitment and
study procedures were approved by the UCSD institutional review board and written informed
consent was obtained from all subjects. All subjects were verified as non-demented based on
extensive medical, neurological, laboratory, and neuropsychological evaluations. Participants
with a reported history of alcohol and drug abuse, learning disability, neurological, or
psychiatric illness (including depression) were routinely excluded from the pool of subjects.

All participants were genotyped for APOE allele type using a polymerase chain reaction based
method [37]. The 25 participants were selected for scanning based on their APOE genotype
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and to ensure matching on demographic variables. There were 12 ε4 (one ε4/ε4, 11 ε3/ε4) and
13 non-ε4 (11 ε3/ε3, two ε2/ε3) participants. All but one of the ε4 and one of the non-ε4
participants were right-hand dominant for writing. As shown in Table 1, the two groups did
not differ in mean age, education, gender distribution, or on global cognitive functioning (all
p-values >0.16). Furthermore, the two groups did not differ in memory performance as
measured by key indices from the Wechsler Memory Scale—Revised [47], the California
Verbal Learning Test (CVLT) [14], or the Memory subscale of the Dementia Rating Scale
[29].

2.2. Materials and procedure
Task parameters were identical to those described by Fleisher et al. [20]. During functional
MRI scanning, participants were instructed to learn 32 pairs of associated nouns presented for
5 s each, 16 of which they had previously learned to a criterion of 10 out of 16 correct on cured
recall (OLD) and 16 of which were unfamiliar (NEW). No participant required more than three
repetitions of the list to reach criterion prior to scanning (ε4: mean = 2.42, S.D. = 0.58; non-
ε4: mean = 2.00, S.D. = 0.79; t = −1.51, p = 0.14). In addition to the learning instructions,
subjects were also told to press a button in response to each word pair to indicate which word
was capitalized in order to track attention to stimuli. Learning trials were presented in blocks
of four trials each and interspersed with blocks of fixation (cross-hair visual depiction of “+”)
that varied in length between 8 and 16 s. The blocks were presented in a fixed, pseudo-random
order. Stimuli were presented to the subject via an LCD projector, back-projected onto a screen
at the participant's feet. After scanning, self-paced cued recall of OLD and NEW words was
assessed.

2.3. Imaging analysis
2.3.1. Anatomic and whole brain imaging—All scans were whole brain acquisitions
conducted with a 1.5 T GE model Signa imager. High-resolution T1 weighted anatomical
images were collected with an SPGR sequence (124 slices acquired in the sagittal plane; 1.2
mm slice thickness; 256 × 256 matrix; FOV = 250 mm; resulting in a 0.98 mm by 0.98 mm
in-plane resolution). Functional data from 69 whole brain images of blood oxygen level
dependent (BOLD) signal intensity were acquired axially using a gradient-recalled echo planar
imaging (EPI) sequence. Four millimeter-thick slices sampled the entire brain (29 slices
acquired in the axial plane; TR = 4000 ms; TE = 40 ms; flip angle = 90°; 64 × 64 matrix; FOV
= 250 mm; 3.906 mm2 in-plane resolution).

2.3.2. Individual participant data analysis path—All analyses were conducted with
Analysis of Functional NeuroImages (AFNI) Software [12], and all participant datasets were
analyzed in the same scripted manner. A three-dimensional (3D) brick was created from the
structural scan slices, and then they were warped into Talairach and Tournoux [45] standardized
coordinate space. A 3D brick of image data was also created for each TR through the time
course of the EPI scanning sequence. Small movement effects were minimized with the AFNI
3D volume registration program. Very occasionally when excessive motion occurred, the mean
value of adjacent repetitions in voxels with residual motion was inserted in place of the motion-
corrupted scans. A signal-intensity threshold-value was used to exclude low intensity values
usually located outside the brain.

Each of the learning conditions (NEW and OLD items) was compared to a lower level baseline
fixation condition (FIX) in order to circumvent some of the difficulties seen in prior studies in
interpretability of BOLD signal changes from novel to familiar items. Thus, the comparisons
of interest for the whole brain analyses and hippocampus-specific analyses were the difference
in activation levels while viewing new word pairs versus fixation (i.e. NEW–FIX) and old
word pairs versus fixation (i.e. OLD–FIX). A trapezoidal reference function was cross-
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correlated with the motion-corrected MR time course data in each voxel within the 3D
functional brick. The fit coefficients for each contrast at each voxel were then resampled into
isotropic voxels 4 mm per side and written into Talairach and Tournoux space [45]. Finally,
functional datasets were blurred with an 8 mm FWHM kernel to reduce noise and account for
correlations between adjacent voxels and variations in anatomy.

For native space hippocampal manual tracing analyses, gradient-recalled echo (GRE) scans
from all subjects were reprocessed according to the criteria outlined above with the exception
of blurring. Since blurring would significantly distort the functional data observed in the
manually traced hippocampi, the 8 mm FWHM kernel was not used in order to preserve the
most accurate individual variation in functional activation. GRE scans were carefully visually
inspected for possible signal loss, and no noticeable signal loss was observed within our regions
of interest. Datasets were aligned parallel to the anterior commissure–posterior commissure
line (consistent with manual tracing, see below), but not warped into Talairach atlas space.
Datasets were then resampled into isotropic voxels 4 mm per side and the mean fit coefficient
across voxels within the left and right hemispheres of the hippocampal ROI was calculated
separately.

2.3.3. Group data analysis path—T-statistic maps were created for each APOE genotype
group to determine whether the mean intensity value difference between the NEW versus FIX
and OLD versus FIX conditions in each voxel was significantly different than zero. Between-
group t-maps were also generated to determine whether the pattern of average intensity value
differences between the word pair conditions differed between the two APOE genotype groups.
A commonly employed fMRI cluster thresholding technique (AlphaSim) was used to
determine which areas of activation on the t-maps were significant by thresholding at a p-value
of 0.025. The cluster size was predetermined as a region of at least 15 contiguous significant
voxels (i.e. 960 mm3 volume), which controlled for a whole brain two-sided p-value of 0.05.
This correction stringently protects the hypothesis that when no activation is present anywhere
in the brain, a chance volume of activation will occur <2.5% of the time.

2.3.4. Structural data analysis path
2.3.4.1. Tissue segmentation: Whole brain segmentation of same session structural MRI scans
was undertaken. Following N3 bias correction of field inhomogeneities [40], each scan was
processed with one or both of the following automated skull-stripping methods: FreeSurfer's
Hybrid Watershed Algorithm [38] and Brain Surface Extractor (Version 3.3) [36,39]. Both
methods have been shown to be particularly effective when working with older adult images
[19]. Scans were also manually edited when necessary to remove residual non-brain material.
Tissue segmentation was performed using FSL's FAST (FMRIB's Automated Segmentation
Tool), which segments a 3D image of the brain into gray matter, white matter, and CSF
compartments using a hidden Markov random field model and an associated Expectation-
Maximization algorithm [48]. Whole brain volume was also derived and proportions of each
compartment were calculated.

2.3.4.2. Manually outlined hippocampal masks created in native space: Bilateral
hippocampi were delineated via visual inspection and manual tracing performed in the coronal
plane, perpendicular to the anterior–posterior commission line, using an approach adapted from
previously published methods [30]. Tracings were performed by an experienced operator (AJJ),
who was blind to participant identity and group, with established high levels of intra- and inter-
rater reliability (intraclass correlation coefficients (ICC) > 0.90). Using a stereotactic approach,
the anterior boundary of the hippocampus was chosen as the coronal slice through the fullest
portion of the mammillary bodies. At this level, the hippocampus was delineated from the
amygdala by a horizontal line from the anterior temporal horn to the alveus. Dorsally and
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laterally, the hippocampus continued to be bound by the temporal horn and alveus. The ventral
boundary was demarcated by the parahippocampal white matter. Medially, the hippocampal
boundary was defined by the ambient cistern. The posterior hippocampal boundary was traced
on the last coronal slice on which the superior colliculi could be visualized. Bilateral
hippocampal regions of interest were created from these tracings for each individual by
resampling the identified voxels within these boundaries down to the 4 mm × 4mm × 4 mm
resolution of the functional MRI data.

3. Results
3.1. Behavioral performances

There were no significant differences in performance between those with and without an APOE
ε4 allele on post-MRI cued recall accuracy for the word pairs (Table 1). Both groups averaged
better than 60% accuracy for cued recall following their scanning sessions (APOE ε4 group =
62.2%, S.D. = 18.1; APOE non-ε4 group = 67.8%, S.D. = 19.7; p = 0.47). Additionally, of
those pairs correctly recalled, there were no significant differences in performance between
groups with respect to correctly recalled new word pairs (APOE ε4 group = 31.8%, S.D. =
10.0; APOE non-ε4 group = 38.4%, S.D. = 7.37; p = 0.08) or correctly recalled old word pairs
(APOE ε4 group = 68.2%, S.D. = 10.0; APOE non-ε4 group = 61.6%, S.D. = 7.37; p = 0.47).

3.2. Functional imaging
3.2.1. Whole brain analyses
3.2.1.1. Within-group contrasts: In response to new words relative to fixation, the ε4 group
displayed significant clusters of activation in the left postcentral gyrus (123,392 mm3), right
precentral gyrus (35,328 mm3), right inferior occipital gyrus (18,688 mm3), right culmen
(11,328 mm3), right middle frontal gyrus (1984 mm3), right middle geniculum body (1792
mm3), left pyramis (1472 mm3), and right thalamus (1344 mm3). The non-ε4 group displayed
activation in left precentral gyrus (115,712 mm3), right inferior occipital gyrus (36,096
mm3), right caudate tail (2176 mm3), and left inferior frontal gyrus (1152 mm3).

In response to old words relative to fixation, within-group analyses revealed diffuse bilateral
activation extending into all lobes for the ε4 group with peak activation in the left inferior
parietal lobule (379,584 mm3). This widespread pattern of activation observed for ε4 subjects
met criteria for a single cluster. For the non-ε4 group, smaller significant clusters of activation
were observed in left superior parietal lobule (54,016 mm3), left middle occipital gyrus (34,240
mm3), right cuneus (31,040 mm3), right inferior occipital gyrus (28,224 mm3), right (6464
mm3) and left (5184 mm3) putamen and lateral globus pallidus (Table 2 and Fig. 1).

3.2.1.2. Between-group contrasts: Between-group analyses for the NEW–FIX contrast
revealed only a small cluster of greater activation in the right superior frontal gyrus (1216
mm3)inthe ε4 group than in the non-ε4 group. Analyses for the OLD–FIX contrast also only
revealed greater areas of activation for the ε4 group than for the non-ε4 group, and all were
within the right hemisphere (Table 2 and Fig. 2). These areas included the anterior cingulate
(5504 mm3), lingual gyrus (2368 mm3), middle temporal and parahippocampal gyri (1856
mm3), middle frontal gyrus (1472 mm3), posterior cingulate and precuneus (1280 mm3), and
cerebellar tonsil (960 mm3)(Fig. 3).

3.2.2. Hippocampal activity—Although whole brain analyses did not reveal group
differences in the hippocampus, these analyses can lack power to detect subtle effects due to
the necessity for spatial blurring and corrections for multiple comparisons. In addition, it is
difficult to test explicitly for laterality differences on a whole brain level. We therefore sought
to test our a priori hypothesis about right hemisphere overactivation within the anatomically
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based, native space ROIs. Based on the previous observation of the hippocampus displaying
an adaptation effect in response to previously presented material [25], it was expected that the
magnitude of the NEW–FIX contrast would be greater than that of the OLD–FIX contrast for
both groups in both hemispheres, with the exception that ε4 carriers would actually show an
inverse pattern in the right hemisphere. In the left hemisphere, a small adaptation effect was
observed as the NEW–FIX response was slightly greater than OLD–FIX response in both
groups, although in the non-ε4 group this reflected a smaller negative response to NEW words
(OLD: mean = −0.40, S.D. = 2.83; NEW: mean = −0.22, S.D. = 2.33) and in the ε4 group it
reflected a greater positive response (OLD: mean = 0.03, S.D. = 2.21; NEW: mean = 0.17, S.D.
= 2.29). For the right hemisphere, the non-ε4 group failed to show any evidence of an adaptation
effect (NEW: mean = 0.15, S.D. = 1.69; OLD: mean = 0.16, S.D. = 1.60), whereas the ε4 group
showed an overactivation effect, with greater response to OLD word pairs than to NEW (NEW:
mean = 0.04, S.D. = 2.46; OLD: mean = 0.76, S.D. = 2.78). A Fisher's z-transformation of the
mean individual difference in activation between NEW–FIX and OLD–FIX conditions for the
left and right hippocampi was significant between groups (Zdiff = −1.93, p = 0.05).

3.2.3. Segmentation—Gray matter, white matter, and CSF volumes were analyzed in a
MANCOVA model with total whole brain volume entered as a covariate. Results revealed no
main multivariate effects for APOE genotype (F = 0.301, p = 0.83) and no main univariate
effects for any of the measures (gray matter: F = 0.54, p = 0.47; white matter: F = 0.23, p =
0.63; CSF: F = 0.002, p = 0.96). Furthermore, multivariate analysis of the volumes within the
left and right hippocampal ROIs revealed no significant differences between the two APOE
genotype groups (left: F = 0.85, p = 0.37; right: F = 0.62, p = 0.44). Overall, the ε4 and non-
ε4 groups did not differ on any of the segmentation measures.

4. Conclusion
APOE ε4 non-demented older adults showed greater BOLD response in multiple right
hemisphere brain regions (anterior cingulate, lingual gyrus, middle temporal gyrus, middle
frontal gyrus, posterior cingulate, precuneus, and cerebellar tonsil) during a verbal paired-
associate learning task than their demographically similar non-ε4 counterparts. These
differences were most salient in the OLD–FIX condition likely due to more successful encoding
of familiar word pairs versus novel word pairs, as confirmed by the relatively poor post-
scanning cued recall rates for new word pairs among all subjects. Results with the OLD–FIX
contrast also suggest greater effort with consolidation processes among the APOE ε4 group.
Furthermore, these differences in BOLD activation were seen in the absence of differences on
multiple neuropsychological measures of learning and memory (DRS, WMS-R, CVLT, post-
scanning cued recall memory) and despite comparable values for structural segmentation
volumes of gray matter, white matter, CSF, and hippocampus. ROI analyses of activation in
native space renderings of the hippocampi to the NEW–FIX and OLD–FIX conditions revealed
similar patterns of relatively less activation in response to previously learned word pairs for
the left hippocampus for both groups. However, they revealed discrepant response patterns for
the right hippocampus by APOE genotype. Specifically, there was an enhanced response to
OLD words among the APOE ε4 participants.

The current findings are largely congruent with previous functional neuroimaging studies
investigating the role of APOE genotype on episodic memory encoding in older non-demented
populations. Bookheimer et al. [6] were the first to identify increased BOLD signal in APOE
ε4 participants during learning and recall, although their APOE ε4 group also showed lower
performances in delayed verbal recall relative to their non-ε4 counterparts, increased variability
with respect to age range, and no formal assessment for differential atrophy. The present study
carefully controlled for group demographic characteristics and neuropsychological status, and
special consideration was given to the possibility of structural differences in the form of gray
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matter, white matter, CSF, and hippocampal components. Importantly, these latter results
support that our observed BOLD response differences within each of the hippocampal regions
were not due to differential atrophy or partial volume effects between APOE genotype groups.
We also undertook an additional learning-to-criterion procedure prior to scanning to maximize
the contrast of OLD to NEW items and to focus our efforts on possible neurobiological
distinctions between encoding and consolidation. This is in contrast to Bookheimer et al. [6]
who examined signal change from combined learning and recall periods. Previous studies from
our laboratory [4,20] also have consistently reported increased MTL signal associated with the
APOE ε4 allele, and ROI analyses involving the hippocampus in these and other former studies
have typically been based on a standardized anatomic atlas [12], thus not allowing for
consideration of individual variation with respect to hippocampal size and consequent
individual hippocampal BOLD activity. In fact, most fMRI studies average groups of different
subjects into standard coordinate space, and anatomic differences in brain structure create
additional variance and loss of registration accuracy [46]. We utilized native space manual
outlining of individual hippocampi as structural masks for functional overlays, thereby
allowing for better anatomic accuracy of hippocampal activity (see Vandenbroucke et al.
[46] for discussion).

In addition, in the present study both new and old word pair conditions were contrasted against
the same low level baseline condition (i.e. visual fixation) rather than with one another, thus
obviating some of the difficulties seen in prior studies in interpretability of direction of BOLD
signal changes from novel to familiar items. For example, prior studies – including our own –
have often examined the difference in BOLD signal change between two ‘higher level’
contrasts (novel items versus familiar items), rather than contrasting either higher level
condition with a lower level baseline condition such as visual fixation. It is conceivable that
both higher level conditions have a good deal of neural activity associated with them and that
encoding is not solely occurring during presentation of novel items. Buckner et al. [8], for
example, have demonstrated encoding processes to be active during retrieval tasks as well
during learning trials. Post-hoc between-group contrasts of the NEW versus OLD conditions
in the present study revealed no significant differences, supporting this notion. Thus, when the
method involves the higher level subtraction of novel from familiar items, either isolation of
encoding processes to the novel condition or directionality of BOLD activity by APOE
genotype cannot easily be inferred. The latter effect could be reflective of greater hippocampal
signal change to novel items among ε4 subjects or greater signal change to familiar items among
ε3 subjects. Our finding that hippocampal right hemisphere overactivation is confined to OLD
word pairs among ε4 subjects is illustrative of this point.

As in previous investigations from our laboratory, results appear to be consistent with a
compensatory hypothesis wherein APOE ε4 participants may require additional
neurocognitive effort, as manifested by an increased BOLD response, to maintain an equivalent
level of performance with non-ε4 counterparts. At-risk older persons may employ other brain
regions to effectively compensate for episodic memory performance, and in so doing, actively
prevent memory decline for a period of time. Our data suggest that additional frontal and
temporal cortical resources are invoked for the ε4 group during episodic memory encoding,
and thus implicate additional executive functions and semantic memory processes,
respectively, in order to maintain comparable behavioral performances (see also Lange et al.
[27]). These data are generally consistent with the HAROLD model [9], which posits a
reduction in hemispheric asymmetry due to the aging process. Although left hemisphere
differences were negligible, those participants at increased genetic risk for developing AD
displayed greater areas of activation in the right hemisphere for previously learned stimuli. The
correspondence of relatively greater activation in multiple right hemisphere regions with
equivalent behavioral memory performances supports the notion of compensation through the
employment of more bilateral network regions (see network view in Cabeza [9]). In all, support
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for the compensatory hypothesis has been demonstrated across a whole host of
neuropsychological [2,10,27,41] and neuroimaging [3,4,6,22] investigations, as well as with
neurochemical [13,17,35], neurotrophic [18], and mitochondrial DNA alterations [33].

Although the current study may be considered tentative support for the compensation
hypothesis given the presence of APOE ε4 affiliated increases in activity in brain regions
subsuming learning and memory, a necessary relationship must be established between
hippocampal BOLD response and reported areas of increased activity in whole brain analyses.
Hippocampal activity in the present study did show an expected adaptation effect with greater
activation for NEW–FIX versus OLD–FIX in the left hippocampus, consistent with a growing
body of evidence describing decreased activation in response to repeated stimuli and repetition
priming paradigms in multiple cortical areas [7] as well as in the hippocampus [25]. However,
the right hippocampus showed an APOE-dependent dissociation such that non-ε4 hippocampal
activation remained stable and undifferentiated between the conditions whereas ε4
hippocampal activation showed a visible overactivation effect, with greater response in the
OLD–FIX than the NEW–FIX contrast. Although newly developing functional connectivity
analyses may further clarify the relationship between hippocampal activation and activity in
other functionally related cortical regions, the consistency with regard to hemisphericity of
genotypic cortical differences and hippocampal activation differences (all occurring in the right
hemisphere) lends further support for the notion of a network of widely distributed, yet
interconnected, cortical regions implicated in a circuit that may be over-activated to
compensate for possible preclinical changes in episodic memory encoding.

Our present findings, combined with those of our prior studies [4] as well as those of Dickerson
et al. [15,16] and Johnson et al. [25,26] provide converging support for alterations of the right
MTL, irrespective of the modality of the encoding stimuli (i.e. verbal versus pictorial versus
face-name combinations). Johnson et al. [26] have implicated right hemisphere regions as
possibly facilitating more successful memory processing of verbal material in an fMRI study
of CVLT performance. They extended these findings to patients with mild cognitive
impairment (MCI) and showed a lack of adaptation among MCI patients to repeated stimuli in
face learning [25]. In a pair of studies, Dickerson et al. [15,16] have also demonstrated specific
activation patterns implicating the right medial temporal lobe in older adults. In the first of
these studies, Dickerson et al. [16] showed that MCI patients recruited a larger extent of right
hippocampal gyrus during picture encoding, and the greater extent of activation in this region
appeared to herald subsequent decline over 2 years later. In the second of their studies,
Dickerson et al. [15] found that memory performance on a face-name associative learning task
was best predicted by right entorhinal cortex and hippocampal activation, and right
hippocampal volume, in normally aging, MCI, and AD groups. Greater extent of entorhinal
cortex activity was also shown for APOE ε4 carriers. Our prior work [4] with picture learning
also demonstrated dissociations between left and right MTL activity between APOE genotype
groups. Given our findings of greater activation in multiple right hemisphere regions among
ε4 participants, we suggest that ε4 subjects may be more heavily recruiting such right medial
temporal and association areas as a compensation strategy to maintain an equivalent level of
performance.

One limitation of the present study is that cerebral blood flow was not measured, leaving open
the possibility that other hemodynamic considerations might explain the current BOLD
contrasts. Another limitation is the need for longitudinal follow-up of the cognitive and
neurophysiologic status of the subjects to confirm whether or not present findings are truly
indicative of a compensatory mechanism and predictive of subsequent cognitive decline or
conversion to AD. Plans to monitor cognitive decline and possible conversion to AD in the
present group are currently underway. Although group differences were significant in the right
and not the left hemisphere, a third limitation is that these results may be construed as indirect
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evidence for a laterality effect, as this would be more stringently supported by direct
comparisons of contra-lateral activation arising from ROIs of active right hemisphere regions
from the current whole brain between-group analyses and their left hemisphere manually
outlined native space correlates. A fourth consideration is that our results of greater activation
in the ε4 subjects may also be construed as a progressive disinhibition of brain response, and
therefore a precursor to a possible clinical disconnection syndrome [28]. Although a number
of neuropsychological and functional neuroimaging studies of aging both within our laboratory
and elsewhere provide support for viewing this greater activation as a compensatory
mechanism, correlates of the present data set with longitudinal neurocognitive functioning will
help elucidate which process, compensation or disinhibition, is most characteristic of the
present findings. A fifth consideration is that gender may be partially influencing our results.
Although there was not a significant gender difference between our two APOE groups, post-
hoc analyses were conducted to investigate the effect of gender on the functional neuroimaging
results. These analyses revealed no difference in hippocampal ROI activation according to
gender. Small between-group gender differences were observed for whole brain analyses such
that men appeared to show greater activation in right superior temporal regions and women
appeared to show greater activation in left frontal regions; however, none of these regions
overlapped with the reported differences in activation according to APOE genotype. Finally,
the present study did not include post-hoc analyses to determine if the ε4 and non-ε4 groups
differ in BOLD responses to the baseline condition. It should be noted, however, that no group
baseline condition differences were observed in two previous studies from our laboratory [4,
20].

To summarize, fMRI study of episodic encoding combined with genetic assessment presents
a promising approach for early identification and possible treatment of preclinical AD. The
present findings extend the growing literature on APOE ε4 genotypic differences in episodic
memory among non-demented adults and support a compensatory hypothesis possibly
targeting an interconnected network of broadly distributed right hemisphere regions. Further
research is needed to clarify the issue of blood perfusion as related to APOE genotype as well
as to concretely correlate the present findings with longitudinal cognitive and neurophysiologic
changes.
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Fig. 1.
Magnitude and direction of voxel-level activation to the task superimposed onto axial slices
of a representative image in Taliarach space (slices span from 19 inferior to 56 superior in 4
mm increments). Activation displayed includes voxels significant at p < 0.025 that are
contained within a cluster of 15 or more voxels. Color scale represents effect sizes for the
within-subject difference between OLD items and FIXATION as measured by η2 (red voxels:
40 < η2 < 60; orange voxels: 60 < η2 < 80; yellow voxels: 80 < η2 < 100 [η2 indexes the effect
size for the magnitude of the difference between the observed response and 0]). See also Table
2 for areas of significant activation. Images are presented in radiological view. (A) Non-ε4
group. (B) ε4 group.
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Fig. 2.
Magnitude and direction of voxel-level activation to the task superimposed onto axial slices
of a representative image in Taliarach space (slices span from 19 inferior to 56 superior in 4
mm increments). Activation displayed includes voxels significant at p < 0.025 that are
contained within a cluster of 15 or more voxels. Color scale represents effect sizes for the
between-subject difference between OLD items and FIXATION as measured by η2 (red voxels:
40 < η2 < 60; orange voxels: 60 < η2 < 80; yellow voxels: 80 < η2 < 100 [η2 indexes the effect
size for the magnitude of the difference between the observed response and 0]). See also Table
2 for areas of significant activation. Images are presented in radiological view.

Han et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2007 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Scatterplots and linear regression estimations of mean fit coefficients for both left and right
hippocampus according to NEW–FIX and OLD–FIX contrasts and APOE genotype.
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Table 1
Demographic, global cognitive, and learning and memory characteristics of the APOE ε4 and non-ε4 groups

Variables Apolipoprotein E genotype t p

ε4(n = 12) non-ε4(n = 13)

Mean S.D. Mean S.D.

Demographics/general condition
  Age 77.1 6.1 77.5 6.4  0.18 0.86
  Education 15.1 1.9 16.2 2.9  1.10 0.28
  Gender (women/men) 4/8 9/4  1.85 0.16
  Dementia rating scale 140.3 3.4 139.5 2.6  0.66 0.52
Learning and memory
  DRS memory subscale 24.3 0.5 23.9 1.1 −1.44 0.16
  WMS-R immediate recall 21.8 6.8 25.3 7.6  1.15 0.26
  WMS-R delayed recall 19.1 8.9 21.5 9.5  0.61 0.55
  CVLT list 1–5 total recall 42.2 15.7 49.2 10.8  1.30 0.21
  CVLT long delay free recall 9.7 3.7 9.8 3.7  0.12 0.90
  CVLT recognition memory (%) 89.9 10.6 92.2 8.4  0.61 0.55
  Post-MRI cued recall memory
accuracy for word pairs (%)

62.2 18.1 67.8 19.7  0.73 0.47

DRS, Dementia rating scale [29]; WMS-R, Wechsler memory scale—revised [47]; CVLT, California verbal learning test [14]. No significant differences
were observed between groups.
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Table 2
Clusters of significantly greater brain activation during encoding of old word pairs versus fixation in non-
demented older adults

Brain region of maximum intensity voxel (MIV) Volume (mm3) Coordinates of MIV η2 for OLD–
FIX

APOE ε4 group
 Widespread (left inferior parietal lobule maximum) 379584 −42, −37, 48 0.74
APOE Non-ε4 group
 Left superior parietal lobule  54016 −22, −61, 44 0.74
 Left middle occipital gyrus  34240 −42, −65, −4 0.73
 Right cuneus  31040 −30, 73, 28 0.72
 Right inferior occipital gyrus  28224 38, −85, −4 0.72
 Right putamen and lateral globus pallidus   6464 26, −13, 4 0.71
 Left putamen and lateral globus pallidus   5184 −22, −9, 4 0.74
ε4 > Non-ε4
 Right anterior cingulate   5504 22, 43, 8 0.50
 Right lingual gyrus   2368 26, −57, 0 0.49
 Right middle temporal/parahippocampal gyri   1856 50, −69, 24 0.52
 Right middle frontal gyrus   1472 30, 31, 40 0.51
 Right posterior cingulate/precuneus   1280 6, −61, 20 0.48
 Right cerebellar tonsil    960 6, −45, −36 0.52

For the within-group analysis, ε4 subjects displayed widely diffuse and bilateral whole brain activation which met criteria for a single cluster (see Fig. 1),
while non-ε4 subjects showed smaller significant clusters (note volumes for each cluster per group). For the between-group analysis, no significant clusters
were observed such that non-ε4 > ε4.
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