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Abstract

Introduction—In cognitively healthy older adults, amyloid-beta (Aβ) burden is associated with 

greater activity on task-based functional magnetic resonance imaging. Higher levels of functional 

activation are associated with other factors along with amyloid and the authors investigated these 

relationships as well as how they relate to Aβ in cognitively healthy older adults.
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Methods—The authors recruited cognitive healthy older adults (N = 50) from the Pittsburgh 

community that underwent extensive cognitive batteries, activation during a working memory 

(digit symbol substitution task, DSST), positron emission tomography scan for Pittsburgh 

Compound B (PiB, measuring amyloid), and other demographic measures. The authors tested the 

association between DSST activation and global PiB, neurocognitive batteries, and education.

Results—The authors found that the DSST robustly activated expected structures involved in 

working memory. The authors found that greater global Ab deposition was associated with greater 

DSST activation in the right calcarine, precuneus, middle temporal as well as the left insula and 

inferior frontal gyrus. The authors also found that greater education was associated with lower 

DSST activation - however this was not significant after adjusting for Ab.

Discussion—Greater amyloid was associated with greater activation, which may represent 

compensatory activation. Greater education was associated with lower activation, which may 

represent more efficient activation (i.e., less activation for the same task). After adjusting for 

amyloid, education was not significantly associated with activation suggesting that during the 

preclinical stage amyloid is the primary determinant of activation. Further, activation was not 

associated with cognitive function. Compensatory activation in the preclinical stage may help 

maintain cognitive function.
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INTRODUCTION

Amyloid-beta (Aβ) protein is a key marker in the pathology of Alzheimer disease (AD) and 

is associated with atrophy, decreases in glucose metabolism, worsening cognitive function, 

and changes in brain activation and connectivity.1–4 Previous studies have shown an 

accumulation of Aβ in preclinical AD and may reflect early manifestation of AD pathology.
5,6 A three-stage model for AD has been described: initial Aβ deposition, followed by 

neurodegeneration (including synaptic degeneration, neural atrophy, hypometabolism, and 

changes in connectivity), and finally progressive cognitive dysfunction.7 This has resulted in 

interest in preclinical AD and attempts to detect early biomarkers of AD progression as well 

as disease prevention.8

In cross-sectional studies in older cognitively normal (CN) participants, cognitive 

functioning is marginally associated with Aβ. A meta-analysis found a small association 

with episodic memory.8 In contrast, most longitudinal studies report associations between 

Aβ deposition and cognitive decline,9–12 which is stronger in the presence of biomarkers of 

neurodegeneration.13,14

Aβ deposition is strongly associated with brain metabolism as well as functional activation.
15–21 In task-based functional magnetic resonance imaging (fMRI) studies, higher Aβ 
burden in CN older adults is associated with increased activation during memory encoding, 

along with other tasks like language processing, fluency, and face processing.19,22,23 Most 

notably, these studies suggest increased activation within the hippocampus during memory 
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encoding,23 possibly reflecting compensatory hippocampal activation. Greater activation 

(e.g., compensation) may explain the absence of a strong association between cognitive 

functioning and Aβ in CN but Aβ-positive older adults.18

Individuals with greater education have been shown to have lower activation, which may be 

due to more efficient neural activation patterns.24 Education is one such proxy for cognitive 

reserve - or the capacity to maintain healthy cognitive function in the presence of pathology. 

Cognitive reserve has been traditionally measured with level of education, premorbid IQ, 

and occupational attainment as these have been correlated with lower levels of activation in 

healthy individuals and a lower risk for developing pathology (e.g., AD).25 Cognitive reserve 

may explain the variability in individual susceptibility to pathology − where some 

individuals with relatively high levels of amyloid do not present with AD symptoms and 

some individuals with relatively mild levels of amyloid have memory impairment.

In the absence of pathology, those with greater education have lower activation for 

performing the same task compared to those with lower education. In the presence of 

pathology, those with greater education can increase activation in response to pathology 

since they utilize fewer resources prior to pathology. In the presence of pathology, those with 

lower education cannot increase activation any further in response to pathology since they 

have heightened neural activation.

However, AD pathology is not independently accumulated, rather many patients that have 

increasing AD pathology (e.g., Aβ) also have cerebrovascular disease pathology, primarily 

white matter hyperintensities (WMHs). One study noted that AD rarely (~9%) occurred in 

isolation of other neuropathologies.26 Thus, it is critical to investigate changes in WMH in 

late-life disorders to delineate AD and cerebrovascular disease pathology.

Using a cross-sectional study design in cognitively healthy older participants, we 

investigated the associations between fMRI activation during a working memory task (digit-

symbol substitution task [DSST]), Aβ deposition, cognitive performance, WMH burden, and 

education.27 These associations have not been established in cognitively healthy individuals. 

We chose DSST as it robustly activates the prefrontal cortex28 and measures working 

memory which is associated with preclinical AD29 and Aβ30 in cognitively healthy 

individuals. We hypothesized that the greater neural activation during DSST would be 

associated with greater Aβ to compensate for accumulating pathology and maintain healthy 

cognitive function. Since our sample is cognitively healthy, DSST activation will not be 

associated with cognitive function since this activation largely serves to maintain healthy 

cognitive function. We hypothesize that those with greater education have more efficient 

activation - that is, lower activation for conducting the same task. We further hypothesized 

that this would not be dependent on WMH burden and is primarily associated with AD-like 

pathology.
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METHODS

Participants

We recruited 50 community dwelling adults (>65 years) via advertisements or mailings to 

individuals interested in aging research. Participants completed a positron emission 

tomography (PET) Pittsburgh compound B (PiB) imaging scan, MRI, and 

neuropsychological assessment. Participants gave written informed consent prior to 

enrolling. The University of Pittsburgh Institutional Review Board approved this study.

Inclusion criteria were: greater than 65 years old, fluent in English, and if female they must 

be post-menopausal. Exclusion criteria were: presence of dementia or mild cognitive 

impairment (MCI, see Neuropsychological Assessment Battery), history of major neurologic 

or psychiatric disease, Geriatric Depression Scale greater than 15,31 psychoactive 

medication use, contraindications to MRI, or have visual/auditory/motor deficits which may 

prevent the completion of behavioral testing.

Neuropsychological Assessment Battery

Participants underwent neuropsychological assessment examining memory, visuospatial 

construction, language, attention, and executive functions. Criteria for clinical impairment 

(MCI) were consistent with those implemented at the University of Pittsburgh Alzheimer 

Disease Research Center and included the following: performance on greater than or equal 

to 2 tests (within domain) or greater than or equal to 3 tests (across domains) below 

expectations (>1 SD, standard deviation, below age and education adjusted means); 

supported by participant reports of changes, memory or cognitive function concerns, or 

behavioral observations by staff. Blinded neuropsychologists (BES) and geriatric 

psychiatrists (WEK and HJA) reviewed results and clinical diagnosis was reached by 

consensus.

The Mini-Mental State Examination was administered as a global cognitive function 

measure.32 The Consortium to Establish a Registry for Alzheimer Disease, word list 

learning recall was administered (immediate and delayed recall of words).33 Visual memory 

was measured by the immediate and delayed recall of a modified Rey-Osterrieth complex 

figure.34

Attention and executive working memory were measured by the Trail Making Test 

(difference in seconds, Trails [B-A])35 as well as the Wechsler Adult Intelligence Scale-

Revised (WAIS-R) Digit Symbol (DSSTout; performed outside the scanner).36 To measure 

inhibition we used the Stroop (Stroop) Color/ Word Interference test.37

The following tests were also administered to determine MCI/dementia, but were not used in 

the analysis: Clock drawing,38 modified block design subtest from WAIS-R,39 Boston 

Naming test,40 Letter/ Category Fluency,35 and digit spans forward or backward from 

WAIS-R.36
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MRI Data Collection

We used a 3T Siemens Trio TIM scanner and 12 channel head coil. Sagittal whole brain 3D 

magnetization prepared rapid-acquisition gradient echo (MPRAGE) was collected with echo 

time (TE) = 2.98 msec, repetition time (TR) = 2,300 msec, flip angle (FA) = 9°, field of view 

(FOV) = 256 × 240, 1 × 1 × 1.2 mm resolution, 0.6 mm gap, and GeneRalized 

Autocalibrating Partial Parallel Acquisition (GRAPPA) acceleration factor = 2. Axial whole 

brain 2D fluid attenuated inversion recovery (FLAIR) was collected to measure WMH 

burden with TE = 90 msec, TR = 9,160 msec, FA = 150°, FOV = 212 × 256, 1 × 1 × 3 mm 

resolution, no gap, and GRAPPA = 2. Axial echo-planar imaging blood oxygen-level 

dependent (during DSST) was collected with TE = 32 msec, TR = 2,000 msec, FA = 90°, 

FOV = 128 × 128, 2 × 2 × 4 mm resolution, no gap, GRAPPA = 2, and 280 volumes. Due to 

low coverage and placement issues, we had no coverage of the cerebellum, top of the motor 

or supplemental motor cortex. A fieldmap was collected to correct for spatial distortion with 

TElow = 4.92 msec and TE-high = 7.38 msec (difference = phase image).

Digit Symbol Substitution Task (DSST) Within MRI Scanner

The computerized version of DSST,27,31,41 used previously,28 was completed in the MRI. 

Two keypads in each hand tracked responses. Participants see a number-symbol matching 

pair (cue) then see an answer key (probe) containing four number-symbol pairs. They push 

the right index finger if the probe contains one matched cue and push the left index finger if 

there are no matches and are asked to do so “as fast and accurately as you possibly can.” It is 

block design with 8 trials per block, alternated with control button pressing (participants 

either saw “RRRR” or “LLLL” for right or left, respectively) for a total of 10 blocks (5 

experimental and 5 control). Each block lasts 56 seconds (total 9 minutes and 20 seconds). 

Cues were presented via E-prime,42 and a mirror was used to present a computer screen to 

participants.

PET Scanning: PiB

PiB was synthesized by a simplified radiosynthetic method based on the captive solvent 

method.43 Prior to acquisition, 15 mCi of high specific activity (~2.1 Ci/μmol at EOS) 

[11C]PiB was injected intravenously over 20 seconds. A 10–15 minutes windowed 

transmission scan was acquired for attenuation correction, followed by a 20-minute emission 

scan (4 × 300 second frames) beginning 50 minutes postinjection. Data were acquired on a 

Siemens/CTI ECAT HR + scanner (Siemens Medical Solutions, Knoxville, TN) in 3D mode 

(63 axial imaging planes, FOV 15.2 cm, inplane resolution 4.1 mm full-width at half-

maximum at FOV center, axial slice width 2.4 mm). Scanner is equipped with a neuro-insert 

to reduce scattered photon contribution. PET emission data were reconstructed using filtered 

back projection correcting for attenuation, scatter, and radionuclide decay.

PET Processing

Hand-drawn regions using MPRAGE were defined, which include frontal cortex (ventral 

and dorsal), anterior cingulate (subgenual and pregenual), anteroventral striatum, mesial 

temporal (hippocampus and amygdala), precuneus or posterior cingulate (ventral, middle, 

and dorsal), parietal cortex, lateral temporal, occipital (calcarine and pole), and cerebellum.
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44 PET-MR co-registration was performed using the automated image registration algorithm 

for alignment and reslicing.45

The dynamic [11C]PiB acquisition frames are inspected for interframe motion. If suspected, 

the automated image registration algorithm (optimized for PET-to-PET registration) is 

applied on a framewise basis. A summed image over the postinjection interval is computed 

and a spatial transformation is applied, which is resliced in MPRAGE space. Volumes of 

interest (on MPRAGE) are used to extract regional concentrations, which are transformed 

into units of standardized uptake value (SUV) using the injected dose of [11C]PIB and the 

participant’s mass. The SUV outcome is normalized to nonspecific uptake (cerebellum), 

yielding an SUV ratio (SUVR) measure that compares favorably to fully quantitative 

measures.46 Regional SUVR were partial volume corrected using a previously validated 

method that corrects for the dilution of PET signal due to limited spatial resolution.47–50 A 

two-component approach corrects for the dilutional effect of expanded cerebrospinal fluid 

spaces accompanying normal aging and disease-related cerebral atrophy using FSL software 

(University of Oxford, Oxford, UK). A global PiB retention index reflecting cerebral 

amyloid load is computed from a weighted average of the SUVR values from the six most 

relevant regions. Participants were classified as PiB positive or negative using a threshold 

previously determined by using a sparse kmeans cluster analysis.51

MRI Processing

All data were preprocessed using Statistical Parametric Mapping software.52 All image 

space interpolation was performed using fourth degree Bspline method and similarity metric 

for registrations was mutual information (for motion correction) or normalized mutual 

information (co-registration between different image types). A voxel displacement map was 

generated using the fieldmap, which was input into a motion correction algorithm (rigid; 

mean reference). The structural MRI was then co-registered to the mean functional image 

(affine). This image (after bias correction) was segmented, which outputs a deformation field 

that was used to normalize the functional images to Montreal Neurological Institute space (2 

mm isotropic resolution). These data were smoothed using a Gaussian kernel (full-width at 

half-maximum 8 mm).

We used ART (https://www.nitrc.org/projects/artifact_detect/) to quantify the level of motion 

across participants. The median (interquartile range) of the following measures was 

minimal: max translational motion 1.31 (1.5), max range of translational motion 1.63 (1.7), 

average root mean square motion 1.41 (1.1), average scan-to-scan motion across the session 

0.18 (0.1), and percent of TRs with head jerks (>0.5 mm for combined translations and 

rotations) was 7.0 (20.1). These were not significantly different between PiB positive and 

negative groups for max translational motion t(48) = 0.03, p = 0.9712, max range of 

translational motion t(48) = 0.10, p = 0.9199, average root mean square motion t(48) = 0.87, 

p = 0.3896, average scan-toscan motion t(48) = 0.49, p = 0.6263, and percent head jerks 

t(48) = 0.71, p = 0.4818.

The FLAIR was used to segment WMH. An automated skull stripping procedure was 

applied to the FLAIR using FSL’s brain extraction tool (FMRIB software library53), which 

was manually corrected using ITK-SNAP.54 A previously validated method was utilized for 
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WMH segmentation on the skull stripped FLAIR,55 which identifies seeds above a specified 

standard deviation of intensities and then uses fuzzy connectedness to grow the seeds. The 

WMH volume is divided by the intracranial volume to get a normalized measure of WMH 

burden (the log of WMH is used in subsequent regressions).

Modeling DSST

We modeled the effect of the experimental and control conditions (convolved with the 

hemodynamic response function) using a general linear model. We included a high-pass 

filter (1/128 Hz to account for drift) as well as an autoregressive [AR(1)] model (to account 

for serial correlations due to aliased biorhythms or unmodeled activity). The contrast 

experimental minus control was computed and used in all subsequent group analyses.

Statistical Analysis

Our main variables of interest included education, global PiB, neurocognitive tests, and 

WMH burden. We adjusted for age, sex, and mean reaction time (RT) during in-scanner 

DSST. Descriptive statistics such as means (SD) were calculated in R56 for all variables 

between PiB positive and negative groups. To test differences between groups, two-sample t 
tests or χ2 (or Fisher’s exact test) were used for continuous or categorical variables, 

respectively.

We performed a one-sample t test on experimental minus control contrast (for in-scanner 

DSST) to find regions that activated during the task. For all subsequent analyses, our tests 

were limited to regions that were activated by the task. Using simple linear regression 

models, we tested the associations between DSST activation and each of the following 

variables: education, global PiB, neurocognitive measures, and WMH burden. The variables 

that were significantly associated with the DSST activation in the univariate models were 

then included in a multiple regression model along with their interactions. In addition, we 

also explored if DSST activation in the scanner was associated with age, sex, or mean RT 

(in-scanner DSST) using simple linear regression.

To control for multiple comparisons, we used statistical nonparametric mapping toolbox.57 

We performed voxel-wise permutation testing (5,000 permutations) using a cluster forming 

p value <0.00158 and used cluster-wise inference to control the family wise error rate at α 
less than 0.05.

Neuroimaging results were visualized either in BrainNet viewer59 or xjview60 with a single 

participant image. To better interpret each of the significant clusters, we separated each 

cluster structurally using the automatic anatomic labeling template and labeled each as a 

Brodmann area if greater than 20% of that cluster overlapped with a Brodmann area. We 

also included whether clusters belonged to common neural networks using a previously 

established set of functional resting state networks (defined using independent components 

analysis)61 that were threshold at a Z-value greater than or equal to 3 and a minimum cluster 

size of 50 voxels. We then determined whether each cluster was part of (>20% cluster 

overlap) any of five networks of interest (anterior salience, dorsal or ventral default mode or 

left/right executive control). This was done only to better understand the spatial extent of 

identified clusters with respect to common neural networks.
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RESULTS

Table 1 shows the demographic and cognitive measures by PiB status. The PiB positive 

group performed worse on the Trails(B-A) and had a greater percentage of Caucasian 

participants (85% compared to 81%), but there were no other group differences including 

WMH.

All significant group voxel-wise analyses are shown in Table 2. The task significantly 

activated (see Table 2 and Fig. 1) the visual cortex, motor and sensory, parietal cortex, 

angular/precuneus/supramarginal, inferior or middle temporal, cerebellum, thalamus, 

caudate, hippocampus, putamen, insula, fusiform gyrus, anterior or middle cingulate, as well 

frontal cortex (inferior, middle, and superior frontal clusters). We found that DSST 

activation in the scanner was not associated with age, sex, or mean RT (in-scanner DSST).

We found a significant positive association between continuous (but not dichotomous) global 

PiB SUVR and DSST activation in multiple regions. Further, we found that education was 

negatively associated with the left inferior temporal gyrus (x = 36, y = 40, z = 2, tmax = 4.7, 

250 voxels). We found no associations between DSST activation and the out-of-scanner 

cognitive tests or WMH burden.

Our multiple regression model included PiB, education as well as their interaction. The 

interaction was not significant thus, our final model included PiB and education. In this final 

model, education was no longer significant; but PiB remained significant (see Table 2 and 

Fig. 2). DSST activation in the right calcarine, precuneus, middle temporal, left insula, and 

inferior frontal gyrus (operculum) was positively associated with greater global PiB 

retention (plotted in Fig. 3).

To understand the relative effect sizes of these associations, we visualized the voxel-wise 

Pearson’s correlation between each variable of interest and DSST activation in Fig. 4. This 

was not an additional analysis, rather a visual representation of the voxel-wise effect sizes 

for each of the univariate models described in the statistical analysis section. The violin plots 

are histograms (mirrored on the vertical axis) of the univariate correlations across all voxels 

to show how many voxels have a relatively small (0.3) or medium (0.5) effect size.

DISCUSSION

DSST robustly activated a network of regions involved in cognitive control, attention, and 

working memory.62 We found that greater Ab burden was associated with greater DSST 

activation in the insula, inferior frontal gyrus, precuneus, calcarine, and middle temporal 

gyrus in cognitively healthy individuals. Greater education was associated with lower 

activation; however, this effect was not significant when adjusting for Ab burden. DSST 

activation was not associated with cognitive function or WMH burden. This may suggest 

that greater DSST activation may compensate for greater Ab burden to maintain healthy 

cognitive function. We extend on past literature that have shown these associations in 

clinical populations to cognitively healthy individuals during the preclinical stage. Lower 

activation was associated with greater education which may represent more efficient neural 

network processing even if at this stage Aβ burden is the primary correlate of activation.
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We found that greater DSST activation was associated with greater Aβ burden, which has 

previously been reported.63 This effect seems to be localized to nodes of the DMN, which 

reflects the early spatial pattern of Aβ accumulation.16,20 The association between Aβ 
burden with insula activation may reflect its role in working memory.64 Previous work has 

demonstrated that insula activation is associated with episodic memory decline.12,65,66

Previous studies have reported increased fMRI activation in the hippocampus in preclinical 

AD67 and MCI.68 One explanation posed for this finding is pathology-induced 

compensation, in which cognitive decline is prevented or delayed by increased activation (a 

“state” model). In this model, individuals with greater cognitive reserve (e.g., greater 

education) show increased activation in the presence of pathology to compensate and 

maintain healthy cognitive function. A competing explanation holds that those with greater 

cognitive reserve (e.g., greater education) have greater activation prior to any pathology (a 

“trait” model).69 We demonstrate that in cognitively healthy individuals, those with greater 

education have lower activation and that greater Aβ burden is associated with greater 

activation, which is in-line with the state model.

Figure 4 demonstrates the relatively higher correlation between DSST activation and 

amyloid burden and education, but relatively weak associations with current cognitive 

performance. In this preclinical stage, the association between activation and cognitive 

performance is weak possibly because neural network activation is capable of compensation 

to prevent or delay cognitive decline. This also demonstrates the weaker associations with 

other variables outside of PiB in this preclinical stage and may explain the effect of PiB on 

the association between education and DSST activation.

Consistent with our previous reports,70,71 we found no cross-sectional association between 

Aβ deposition and cognitive function as well as WMH burden, except for an association 

with the Trail Making Test. This, however, was not associated with activation and so the 

relationship between Aβ, activation during working memory tasks, and set shifting is 

unclear. Previous studies have also reported absence of an association between Aβ and 

cognitive function especially when utilizing cross-sectional study designs in cognitively 

healthy older individuals.21

Limitations of this study include a relatively small sample size with relatively few 

individuals that were amyloid positive (N = 13). While we found no group differences (Aβ 
positive versus negative), we did find that DSST activation was associated with Aβ 
continuously, further reflecting either the small sample size or the uneven groups. We 

investigated associations between neural activation and Aβ as well as education, as such we 

cannot make any causal inferences of the nature of these associations. Due to the design of 

the fMRI task, deactivations (or relative decreases in fMRI signal) during DSST could not 

be evaluated. Education was not significant after adjusting for PiB, suggesting a weak 

association in cognitive healthy individuals, thus the interpretation of cognitive reserve 

needs to be further validated. Education itself is only one proxy of cognitive reserve and is 

not sufficient to explain its impact. Other measures like premorbid IQ and occupational 

attainment have also been used as proxy and explain unique variance in predicting AD risk.
25 Thus, future studies should use more sophisticated proxies of reserve that may combine 
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measures of education, IQ, literacy level, number of intellectually stimulating leisure 

activities, degree of occupational complexity and attainment, and socioeconomic status. 

Further, we interpret the loss of the statistical significance of education after the addition of 

the major neuropathologic variable (Aβ) as compensation, since this indicates that while 

education may be playing a role in this early period, factors like Aβ may be the major 

correlates of neural activation. This compensation hypothesis however should be properly 

tested with a sample that has varying levels of pathology and cognitive function (i.e., 

including those with cognitive impairment). Ideally, a longitudinal study may be able to fully 

clarify whether this association holds in a preclinical sample that converts to AD.

This study supports previously identified relationships between Aβ and functional brain 

activation in cognitively healthy older participants, which we expand to include associations 

between working memory neural activation and Aβ. We show that increased Ab is 

associated with increased activation in the insula, inferior frontal gyrus, precuneus, and 

middle temporal cortex. This may be a compensatory mechanism to maintain normal 

cognitive function even in the presence of high Aβ burden.
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FIGURE 1. 
Main effect of the in-scanner DSST using a one-sample t test across the entire sample 

(testing for regions that are significantly activated in the experimental compared to the 

control condition). Color bar indicates value of t-statistic (for one-sample t test), where red/

orange values indicate areas that were significantly activated by task (relative to control) and 

blue values indicate areas that were significantly activated by control (relative to task − 

none). Cortical regions are shown on the surface of a brain while subcortical regions are 

shown on a single participant structural (from the standard space anatomic images in SPM). 

As expected, the in-scanner DSST activated multiple regions reliably including visual 

processing areas (primary and secondary), subcortical regions (thalamus/caudate), motor and 

supplemental motor, as well as a large number of central executive areas (including 

dorsolateral prefrontal cortex, dlPFC).
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FIGURE 2. 
Association between in-scanner DSST activation (novel-control) and PiB while adjusting for 

education. Results are shown on a single participant structural (from the standard space 

anatomic images in SPM). Color bar indicates value of t-statistic (for regression), where red/

orange values indicate areas of activation that were significantly positively associated ith PiB 

and blue values indicate areas where activation was significantly negatively associated with 

PiB (none). Greater PiB was associated with greater DSST activation (positive associations) 

in calcarine, middle temporal, precuneus, insula, and inferior frontal gyrus (operculum).
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FIGURE 3. 
Association between PiB SUVR and every voxel’s DSST activation (experimental minus 

control contrast). This was done to show the range of the associations across all voxels. 

Greater Ab burden (PiB SUVR) was positively associated with increased DSST activation 

during the experimental condition (compared to the control).
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FIGURE 4. 
Voxel-wise (only in area of main effect of the task) Pearson’s correlation between DSST 

activation and each variable of interest. The violin plot reflects the histogram (mirrored on 

the vertical axis) of all voxel-wise correlations to show the relative effect sizes for each 

variable. The black bars inside the histogram reflect the 25th, 50th, and 75th percentiles. 

Notice that the PiB has the largest effect sizes with more than 25% of the voxels exceeding 

an effect size of 0.3 and a set exceeding 0.5. Thus, education has a small negative 

association while PiB has a medium positive association with neural activation. We can also 

see the relative associations between neural activation and each of the investigated variables.
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