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Effective cognitive performance often requires the allocation of additional neural resources (i.e. blood-oxygen-level-dependent [BOLD]
activation) as task demands increase, and this demand-related modulation is affected by amyloid-beta deposition and normal aging.
The present study investigated these complex relationships between amyloid, modulation, and cognitive function (i.e. fluid ability).
Participants from the Dallas Lifespan Brain Study (DLBS, n=252, ages 50-89) completed a semantic judgment task during functional
magnetic resonance imaging (fMRI) where the judgments differed in classification difficulty. Amyloid burden was assessed via positron
emission tomography (PET) using 8F-florbetapir. A quadratic relationship between amyloid standardized value uptake ratios (SUVRs)
and BOLD modulation was observed such that modulation was weaker in those with moderately elevated SUVRs (e.g. just reaching
amyloid-positivity), whereas those with very high SUVRs (e.g. SUVR > 1.5) showed strong modulation. Greater modulation was related
to better fluid ability, and this relationship was strongest in younger participants and those with lower amyloid burden. These results
support the theory that effective demand-related modulation contributes to healthy cognitive aging, especially in the transition from

middle age to older adulthood, whereas high modulation may be dysfunctional in those with substantial amyloid deposition.
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Introduction

As a task becomes more cognitively challenging, additional brain
resources are needed to maintain strong performance. Indeed,
functional magnetic resonance imaging (fMRI) studies have found
that adults have improved performance on a wide range of tasks
when they increase activation of primary task regions in response
to increased demands (Mattay Venkata et al. 2006; Elman et al.
2014; Bauer et al. 2015; Kennedy et al. 2018). This effect, which
we label demand-related modulation, involves a relative increase in
activity for task-positive regions or decrease in activity for task-
negative regions as task demands increase. This ability to modu-
late the blood-oxygen-level-dependent (BOLD) response declines
linearly across the adult lifespan (Kennedy et al. 2015). More
specifically, older adults often show increased activation rela-
tive to younger adults at low levels of task difficulty (i.e. work-
ing memory load), but then fail to ramp up activation to the
same extent when demands increase (Mattay Venkata et al. 2006;
Cappell et al. 2010; Bauer et al. 2015). The compensation-related
utilization of neural circuits hypothesis (CRUNCH, Reuter-Lorenz
and Cappell 2008) posits that older adults likely recruit additional
neural resources to maintain youthlike performance when a task
is easier, but then hit a resource ceiling as the task becomes more
challenging resulting in lower activation and worse performance
relative to younger adults (e.g. Cappell et al. 2010). Of course,
older adults vary considerably in their demand-related modula-
tion, and the above evidence suggests that the ability to effec-
tively modulate neural activation in response to a challenging

task is fundamental to achieving good cognitive performance in
demanding situations. Research on factors that either support
or undermine effective modulation is necessary to understand
this aspect of healthy cognitive aging. In the current study, we
sought to determine the extent that amyloid-beta accumulation
is related to individual differences in modulation in older adults,
and, to extend research in this field, we investigated whether the
commonly observed positive association between modulation and
cognition is age-dependent (i.e. stronger earlier or later in older
adulthood).

Neurological accumulation of amyloid-beta has a notable
potential to disrupt demand-based modulation. Amyloid-beta is
a misfolded protein and a key initiator of Alzheimer’s disease
(Hardy and Higgins 1992; Selkoe and Hardy 2016), because it
promotes neurotoxic tauopathy (Jin et al. 2011; Jack et al. 2013).
Amyloid burden in cognitively normal older adults has been
linked to hyperactivation of hippocampal, entorhinal, and parietal
cortex (Edelman et al. 2017; Elman et al. 2014; Huijbers et al. 2015;
Marks et al. 2017), and hyperconnectivity in the default mode and
frontoparietal networks (Ben-Nejma et al. 2019; Hahn et al. 2019;
Moffat et al. 2022; Quevenco et al. 2020; Schultz et al. 2017; see
also Ingala et al. 2021). Rodent research has demonstrated that
amyloid has a nonlinear dose-dependent effect on hippocampal
activity with low levels of amyloid promoting increased long-term
potentiation and synaptic facilitation via increased presynaptic
vesicle release, and substantial amyloid accumulation causing
a collapse in potentiation and facilitation (Puzzo et al. 2008;
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Abramov et al. 2009). Their collapse is largely due to NMDA and
AMPA receptor dysfunction (for a review, see Palop and Mucke
2010). In line with this neurobiological account, hippocampal
activation in humans follows a nonlinear trend across the stages
of Alzheimer’s pathology. Those with mild cognitive impairment,
an intermediate stage between normal cognitive aging and
dementia, show hyperactivation of hippocampus relative to
cognitive unimpaired individuals, whereas those with Alzheimer’s
disease show hypoactivation (Dickerson et al. 2005; Celone et al.
2006; Sperling et al. 2010). The Harvard Aging Study found a
similar trend in functional connectivity of the default mode and
salience networks for those with only amyloid deposition versus
those with both amyloid and tauopathy (Schultz et al. 2017).
These studies generally observed that hypoactivation was related
to impaired task performance, suggesting that it is detrimental
(Dickerson et al. 2005; Celone et al. 2006).

With the advent of radiotracers that bind to amyloid-beta,
it became possible to examine potential nonlinear effects of
amyloid on human BOLD activity and modulation in vivo. In
Kennedy et al. (2018), participants completed an fMRI n-back
working memory task and amyloid was examined with F-
florbetapir positron emission tomography (PET) imaging. Amyloid
burden demonstrated a quadratic relationship to demand-related
modulation in bilateral basal ganglia and the cerebellum such
that those with modestly elevated amyloid-beta levels displayed
increased modulation relative to those with no evidence of
amyloid, and this trend eventually reversed as those with the
highest burden showed reduced modulation. Greater modulation
was related to better working memory and executive function.
Plausibly, similar to CRUNCH findings (Cappell et al. 2010; Bauer
et al. 2015), additional neural resources are allocated to maintain
performance despite low levels of amyloid, but the neurotoxic
effect of substantial amyloid burden may be so overwhelming
that it impedes effective modulation. Quadratic relationships
between amyloid burden and activation of bilateral angular
and medial frontal gyri have also been observed for a spatial
judgments task (Foster et al. 2018), and amyloid positivity
has been linked to reduced demand-related modulation in a
study examining cognitive control load with a single/dual-task
paradigm (Oh et al. 2016).

In the present study, we sought to expand on research showing
effects of amyloid burden on modulation and BOLD-signal (Foster
et al. 2018; Kennedy et al. 2018) in a sample of older adults from
the DLBS (ages 50-89). Participants completed an fMRI semantic
judgment task involving living/nonliving judgments that differed
in difficulty. Amyloid burden was estimated using AV-45 8F-
florbetapir PET imaging. We hypothesized that, like Kennedy et al.
(2018) and Foster et al. (2018), amyloid burden would have a
quadratic relationship with demand-related modulation. Those
studies observed significant effects of amyloid in basal ganglia,
cerebellum, middle temporal gyrus, angular gyrus, and anterior
cingulate/medial frontal gyrus; we predicted that similar regions
would be implicated here, though this semantic judgment task
produces particularly strong modulation in middle temporal and
angular gyri and lateral prefrontal cortex (Noonan et al. 2013).

BOLD modulation has been linked to greater working memory,
executive function, and reasoning (Rieck et al. 2017; Kennedy
et al. 2018), and we predicted that its effect would extend to
general fluid ability, a more comprehensive and fundamental
cognitive measure that declines with age (Park et al. 2002;
Salthouse et al. 2008). Finally, we examined whether age, amyloid,
and modulation would interact in the prediction of fluid ability,
to better understand whether the optimal pattern of modulation

Table 1. Demographic and descriptive statistics.

Mean (SD)
Age (y) 68.26 (10.01)
Male/Female (% Female) 101/151 (59.9%)
Education (y) 15.32 (2.20)
MMSE 28.27 (1.23)

Judgment RT (low demand)
Judgment RT (high demand)
Global SUVR

APOEe4 carrier status n (%)

986.51 (136.53)
1244.52 (175.67)
1.09 (.15)

58 (23.0%)

n=252. Abbreviations: MMSE, Mini-Mental State Examination; RT, response
time (median RT in ms); SUVR, standardized uptake value ratio.

differs along these variables. A key unanswered question that
we wanted to address is whether amyloid-related differences
in modulation have a greater association with cognition earlier
or later in older adulthood. Plausibly, amyloid-related modulation
reduction would predict worse cognition in late middle age, as that
could indicate early neurological decline. However, modulation
could also reasonably support cognitive function in the oldest
participants; as demand-related modulation declines with age
(Cappell et al. 2010; Bauer et al. 2015; Kennedy et al. 2015), those
who maintain it into very old age might be considered “super
agers” in terms of neural function.

Materials and methods
Participants

All DLBS participants who were initially tested between 2008-2013
(n=464) were included in the current study if they completed
a PET-amyloid scan, were missing data on no more than one
cognitive test used in this study, and were at least age 50; one
participant with very poor MRI signal in the medial temporal lobe
was excluded from analysis. This resulted in a final sample size of
252 right-handed participants, ages 50-89 (M=68.26, SD= 10.01).
These participants were recruited from the Dallas community
using media advertisements and flyers. Age 50 was used as an
inclusionary cutoff to ensure findings reflected cognitive aging in
later life and for consistency with prior related research (Foster
et al. 2018; Kennedy et al. 2018). Cognitive, MRI, and PET data
were collected in separate sessions, and demographic data for this
sample are reported in Table 1. Participants were native English
speakers, well-educated (M=15.32 years of education, SD=2.20),
and had a Mini-Mental State Examination score of at least 26.
Exclusion criteria for the DLBS included: major psychiatric or
neurological disorder within past 3 years, cancer treatment or
surgery within past year, coronary bypass within past year, history
of substance abuse, recreational drug use in past six months, his-
tory of central nervous systems disease or brain injury, corrected
vision poorer than 20/30, unable to undergo MRI scanning due
to contraindications, and taking sedatives, benzodiazepines, or
antipsychotics. All participants provided written informed con-
sent in accordance with the University of Texas at Dallas and
the University of Texas Southwestern (UTSW) Medical Center
Institutional Review Boards.

Cognitive measures

A measure of general cognition, fluid ability, was computed
as the average of standardized scores from six cognitive tasks
assessing processing speed, working memory, and reasoning.
Processing speed tasks included WAIS-III Digit Symbol (Wechsler
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Fig. 1. Task diagram for the fMRI semantic judgment task.

1997) and Digit Comparison (Hedden et al. 2002; adapted
from Salthouse and Babcock 1991). Working memory tasks
included WAIS-III Letter-Number Sequencing (Wechsler 1997)
and Operation Span (Turner and Engle 1989). Reasoning tasks
included Educational Testing Service Letter Sets (Ekstrom et al.
1976) and Raven’s Progressive Matrices (Raven 1938). For each
of these three subcomponents, missing data were imputed
using expectation-maximization implemented in SPSS ver 29.0.
The overall fluid ability construct had high internal reliability
(Cronbach’s & =0.81).

Functional magnetic resonance imaging task

For the in-scanner semantic judgment task (Fig. 1), participants
viewed 128 English nouns presented in 16 blocks of eight items
and made a judgment as to whether each item denoted some-
thing living (right index) or nonliving (middle finger) via button
box. Eight of the item blocks were “low demand” and included
concrete objects (e.g. dog, table) that had an unambiguous liv-
ing/nonliving categorization. The other eight item blocks were
“high demand” as items included characteristics of both living
and nonliving things, resulting in more ambiguous categoriza-
tion (e.g. ghost, virus) and requiring a longer judgment time
(Table 1). Response times were our main measure of behavioral
performance for this task as classification accuracy was near
ceiling for low demand items (M =0.96, SD=0.08) and could not be
determined for high demand items as those items were selected
to have ambiguous classification. Block-order was pseudorandom
and within each block item order was randomized. Each item
was displayed for 2500 ms followed by a 500 ms fixation cross.
Total scan time was 7.7 min and included a 6 s fixation interval
before the first block and three 24 s fixation blocks. Stimuli were
programmed in E-prime (Psychology Software Tools, Pittsburgh,
PA, USA) and presented using a mirror attached to the head
coil.

Magnetic resonance imaging acquisition

All participants were scanned at UTSW on a single 3 T Philips
Achieva scanner (Philips Medical Systems, Best, The Netherlands)
equipped with an 8-channel head coil. Anatomical data were
acquired with a T1-weighted MP-RAGE sequence with the follow-
ing parameters: 160 sagittal slices, 1 x 1 x 1 mm? voxels, 204 x 256
x 160 matrix, TR=8.1 ms, TE=3.7 ms, flip-angle = 12°. Functional
MRI data were acquired using a T2x-weighted echo-planar imag-
ing sequence with full brain coverage and 43 interleaved axial
slices per volume acquired parallel to the AC-PC line and with
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the following parameters: SENSE=2, 3.4 x 3.4 x 3.5 mm voxels,
64 x 64 x 43 matrix, FOV=220 x 220 mm, TR=2 s, TE=25 ms,
flip angle=80°. The first five dummy scans were discarded at
the beginning of scanning for T1 stabilization. Raw imaging data
were converted to Neuroimaging Informatics Technology Initia-
tive (NIFTI) format using r2agui.

Functional magnetic resonance imaging data
processing

All participants’ functional images were preprocessed and ana-
lyzed using SPM12 (Wellcome Centre for Human Neuroimaging,
London, UK), along with additional AFNI (National Institute of
Mental Health: Scientific and Statistical Computing Core, MD,
USA) and FSL (the Analysis Group, Oxford, UK) functions using in-
lab custom scripts. Preprocessing started with motion correction
using six motion regressors that were used as covariates of no
interest. Functional images were then normalized to standard
MNI space (ICBM152) and resampled into 3 x 3 x 3 mm?® voxels
using each participant’s T1-weighted structural image as a co-
registration intermediary. Images were then smoothed using an
isotropic 8 mm full width at half maximum Gaussian kernel. Each
participant’s BOLD signal for each task condition (low demand,
high demand, or fixation) was modeled as a block convolved with
a canonical hemodynamic response function. An AR(1) term was
used to correct for time-series autocorrelations. Activation in the
high and low demand conditions were contrasted with fixation,
and our contrast of interest, high demand—low demand, reflected
the level of demand-related modulation.

Positron emission tomography acquisition

Participants were injected with an ~370 MBq (10 mCi) bolus of
8F-AV-45 (F-florbetapir; Avid Radiopharmaceutical/Eli Lilly)
30 min prior to scanning in a Siemens ECAT HR+ PET scanner
(Siemens, Munich, Germany) at UTSW. At the start of scanning,
a 2 min scout was acquired to ensure full brain coverage and
that there was no planar rotation. Fifty minutes after injection,
PET data were collected using a dynamic emission acquisition
including two 5-min frames. Immediately after, an internal
rod source transmissions scan was performed for 7 min. This
transmission image was reconstructed using back-projection and
a 6 mm full width at half maximum Gaussian filter with four
iterations, 16 subsets, and a 3 mm full width at half maximum
ramp filter.

Positron emission tomography preprocessing

First, each participant’s T1-weighted anatomical scan (MP-RAGE)
was processed using Freesurfer ver. 5.3 (Martinos Center for
Biomedical Imaging, MA, USA). These Freesurfer-parcellated
images were manually edited, when necessary, by a well-trained
team and quality was verified by a separate research lab. Next, the
PET data were registered to the participant’s T1 scan using FSL's
flirt command with 12 degrees of freedom, a mutual information
cost function, and trilinear interpolation; the average interval
between PET-amyloid and MRI scanning was 0.31 years (SD=0.35).
Freesurfer’s Desikan-Killiany atlas (Desikan et al. 2006) was
then used to create eight subject-specific bilateral regions of
interest (ROIs): anterior and posterior cingulate, dorsolateral
prefrontal, lateral parietal, lateral temporal, orbitofrontal, lateral
occipital, and precuneus. Tracer counts were extracted from each
of these eight regions, and then standardized value uptake ratios
(SUVRs) were computed using whole cerebellum as the reference.
These eight SUVRs were then averaged to form a global cortical
SUVR that reflected amyloid burden across the vast majority of
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cortex, excluding sensory and motor cortex. These regions are
the standardly utilized PET regions in the field (Rodrigue et al.
2012; Farrell et al. 2018) as they represent where amyloid typically
accumulates in those without dementia (Braak and Braak 1991).

Statistical analyses

All fMRI analyses were performed in SPM ver. 12 (Functional
Imaging Laboratory, London, UK) with ROI results extracted using
marsbar ver 0.45. Prior to testing our hypotheses, we characterized
the effect of task demands on BOLD activation as well as the
effect of age on demand-related modulation using the age factor
from the following model. Next, the association between amy-
loid deposition and demand-related modulation was examined
using a voxel-wise linear regression (F-test), with modulation to
semantic judgment demands (high demand—low demand) as the
contrast of interest, an intercept, and mean-centered age, mean-
centered global SUVR, and the mean-centered quadratic effect
of SUVR (SUVR?) entered as factors. Similar to previous research
linking amyloid to demand-related modulation (Foster et al. 2018;
Kennedy et al. 2018), all statistical maps were thresholded using a
voxel-wise P < 0.005; note that clusters were smaller in the current
project and did not survive the cluster extent-based thresholding
in the Statistical Non-Parametric Mapping toolbox (SnPM; https://
warwick.ac.uk) that the previous studies implemented. In line
with those studies, the quadratic effect of SUVR on modula-
tion was of primary interest. Linear effects of SUVR were also
examined in a separate SPM model including an intercept, age,
and linear SUVR, but no SUVR? factor. The P <0.005 thresholded
SUVR? map from the previous model was used as an exclusionary
mask, though it was later determined that no voxel showed both
a significant linear and quadratic SUVR effect.

Finally, we evaluated whether demand-related modulation was
related to cognitive function via a linear regression computed in R
statistics (R Core Team, Vienna, Austria; Im package). Fluid ability
(Z-scored) was the dependent variable and age, SUVR, modula-
tion, and corresponding interaction terms were entered as mean-
centered predictors. Post hoc analysis of significant interactions
was performed by examining simple slopes as well as using the
Johnson-Neyman technique (interactions package), which uses 95%
confidence intervals to determine at what moderator values (e.g.
age range) a simple slope is significant (Preacher et al. 2006).
Ninety-five percent confidence intervals are reported for betas,
and median response times on the judgment task were evaluated
due to high distribution skewness.

Results

Behavioral and BOLD differences based on task
demands and age

For the in-scanner semantic judgment task, participants had
longer median response times for the high demand condition
(M=1244.52 ms, SD=175.67) versus the low demand condition
(M=986.51, SD=136.53), (250) =33.97, P < 0.001, d=2.14, suggest-
ing the demand manipulation was effective; note that one partic-
ipant did not have RT data due to a technical error during data
collection. Low demand blocks elicited activation in key regions of
the canonical semantic network (Binder et al. 2009; Hoffman and
Morcom 2018), with task-positive regions including inferior and
middle frontal gyri, dorsomedial prefrontal cortex, most of lateral
parietal, middle and superior temporal gyri, lateral occipital and
fusiform gyri and task-negative regions including key default
mode network regions such as precuneus and posterior cingulate
(Fig. 2); note that although the semantic network is left-lateralized

in younger adults, bilateral portions of these highlighted areas
were activated here as in prior work showing increased bilaterality
with age (Kennedy et al. 2015; Hoffman and Morcom 2018;
Hennessee et al. 2022). High demand blocks evidenced similar
areas of activation, but with increased activation extent and
intensity (Fig. 2), which also exemplifies the overall effect of
demand-related modulation (high—low demand) to patterns
of activation (Fig.2). Age had an almost exclusively negative
relationship to demand-related modulation with most regions
that displayed significant modulation being affected, and with
the strongest peaks localized in left middle and superior frontal
gyri, dorsomedial prefrontal, bilateral caudate, right superior
parietal lobule, right inferior frontal gyrus, and left inferior and
middle temporal gyri, with additional significant effects in left
inferior frontal gyrus and most of left lateral parietal (Fig.3).
Age was related to longer RTs for the low-demand (r=0.31,
P<0.001) and high-demand (r=0.23, P<0.001) conditions,
elevated amyloid SUVR (r=0.27, P <0.001), and lower fluid ability
(r=—.52,P<0.001).

Association of amyloid burden with
blood-oxygen-level-dependent modulation

Nonlinear associations between amyloid SUVR and demand-
related modulation were examined using an SPM model with an
intercept included and age, SUVR, and SUVR? entered as factors.
For the key SUVR? effect, significant clusters were identified
in left middle temporal gyrus, right caudate, left putamen,
and left posterior middle temporal/inferior occipital/angular
gyri at the temporo-parieto-occipital (TPO) junction (Table 2,
Fig. 4A). The left middle temporal and left putamen clusters were
predominantly task-positive with greater activation for the hard
condition relative to the easy condition, though the TPO junction
and to a lesser extent the right caudate clusters were task-
negative with more negative scores as task demands increased.
The quadratic effect of SUVR was due to modulation decreasing
with modest amounts of amyloid SUVR, then increasing again for
those with high SUVR (see Fig. 4A, bottom panel). Furthermore,
the degree of modulation here—in a mask of all voxels showing
the significant quadratic effect of SUVR—was strongly related
to activity in these regions for high demand judgments (r=0.43,
P <0.001), but not to activity for low demand judgments (r=—.01,
P=0.824), suggesting that this demand-related modulation
primarily reflects increased activation to high demand items.

There was also a predominantly negative linear relationship
between SUVR and modulation, which notably showed no spa-
tial overlap with the quadratic effect of SUVR, with significant
negative clusters in right inferior, middle, and superior temporal
gyri, right anterior cingulate, and right hippocampus, and a sig-
nificant positive cluster in the brainstem (Fig. 4B). These regions
were more likely to be task-negative—i.e. middle and superior
temporal gyri—with negative modulation scores (high demand
< low demand), although right middle cingulate showed task-
positive activation. As shown in the Fig. 4B scatterplot, the neg-
ative relationship between SUVR and modulation here typically
reflected more negative modulation scores in those with substan-
tial amyloid burden.

Associations of amyloid burden and
blood-oxygen-level-dependent modulation to
general cognitive function

To test the hypothesis that demand-related modulation predicts
cognitive function, and that amyloid and/or age may moderate
this relationship, a linear regression was computed with fluid
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Fig. 2. Activation t-values for low demand semantic judgments (top) and high demand judgments (middle), as well as demand-based modulation

(high—Low demand; bottom) with a voxel-wise threshold of P < 0.005.

Table 2. Cluster peaks for quadratic and linear effect of amyloid burden on BOLD modulation.

Cluster Label k x y z Peak F Peak p uncorr  Cluster q FDR-cor
Quadratic SUVR Effect

L middle temporal gyrus, L superior temporal gyrus 50 -60 —49 5 18.58 <.001 .808

R caudate 15 12 14 17 14.71 <.001 .808

L putamen, L entorhinal 24 -21 5 -16 10.86 .001 .808

L middle temporal, L inferior occipital, L angular, L middle 10 —42 —64 8 10.41 .001 .808

occipital gyri

Cluster Label k X y z Peak t Peak puncorr  Cluster g FDR-cor
Linear SUVR Effect

brain stem 37 0 —40 —22 4.07 <.001 279

R middle temporal gyrus, R inferior temporal gyrus 34 54 —49 —4 —3.54 <.001 .807

R superior temporal gyrus, R middle temporal gyrus 14 63 -19 —4 —3.27 .001 .807

R hippocampus 18 24 -10 -13 —3.24 .001 .807

R anterior cingulate 11 18 5 38 —3.18 .001 .807

Only clusters with at least 10 voxels are reported for conciseness. Abbreviations: k, cluster extent; corr, corrected; L, left; R, right; uncorr, uncorrected; SUVR,

standardized uptake value ratio.

t-values

Fig. 3. Effect of age t-values on demand-based modulation (high—Low
demand) with a voxel-wise threshold of P <0.005. Note that age almost
exclusively has a negative relationship to modulation.

ability as the dependent variable and age, amyloid SUVR, the
beta-weight for modulation, and the full set of interaction terms
as predictors (Note that adding a quadratic SUVR factor to the

model did not significantly improve model fit, F(8,236)=0.98,
P=0.454, so only linear SUVR was included.). The three-way
interaction of age x SUVR x modulation was not statistically
significant (b=0.48, CI=[-0.06, 1.03], P=0.083), but significant
interactions were observed for age x modulation (b=-0.11,
CI=[-0.21, —0.01], P=0.027) and SUVR x modulation (b=-7.19,
CI=[-13.71, —-0.67], P=0.031). A main effect of age was also
observed (b=-0.05, CI=[-0.06, —0.04], P <0.001), though main
effects of SUVR (b=-0.003, CI=[—0.94, 0.93], P=0.996) and modu-
lation (b=0.56, CI=[-0.39, 1.50], P=0.247) were not significant.
The significant two-way interactions were characterized by
modulation showing a positive association with fluid ability
that was strongest in those who were younger and who had
lower amyloid burden (Fig. SA). More specifically, examination
of confidence bands developed using the Johnson-Neyman
technique revealed that modulation had a significant positive
relationship to fluid ability in those ages 50-63.61 and in those
with an amyloid SUVR below 1.01 (Fig. 5B). In a supplemental
analysis of modulation in regions showing a negative linear effect
of SUVR on modulation (Fig. 4B), a largely similar relationship
was observed between modulation and fluid ability, albeit
with a significant modulation x age x SUVR interaction,
b=1.23,CI=[0.14, 2.33], P=0.028 (Supplementary Material).


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae357#supplementary-data

6 | Cerebral Cortex, 2024, Vol. 34, No. 9

A) Quadratic SUVR Effect on Modulation

06{ R¥=.12, p<.001
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B) Negative Linear SUVR Effect on Modulation
06{ R?=.10,p<.001

Modutation Beta

100 125 150 175
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Fig. 4. Nonlinear and linear associations between BOLD modulation and
amyloid SUVR. (A) Quadratic effect of amyloid SUVR on demand-based
modulation (high—Low demand) at multiple F-value thresholds in left
sagittal and axial slices (bottom) and with average modulation beta
weights across the full P<0.005 map plotted (top-right). (B) Negative
linear effect of amyloid SUVR on demand-based modulation (high—
Low demand) at multiple t-value thresholds in right sagittal and axial
slices (bottom) and with average modulation beta weights across the full
P <0.005 map plotted (top-right). Scatter plots include 95% confidence
intervals for each trend in shaded gray.

Discussion

In this study of 252 cognitively normal older adults, we report
two major findings. First, amyloid-beta deposition was related to
demand-related modulation on a semantic judgment task with
several regions showing a quadratic effect of amyloid and others
showing a linear negative effect. Second, greater modulation was
associated with higher fluid intelligence, similar to other studies
(Rieck et al. 2017; Kennedy et al. 2018), but, importantly, mod-
ulation interacted with age and amyloid such that modulation
was positively related to cognition in younger participants and
those with minimal amyloid burden. Paradoxically, modulation
in the very old and those with substantial amyloid burden was
statistically unrelated to cognition, suggesting that modulation
may be less beneficial when neural resources are taxed by age
and amyloid.

The current findings indicated that amyloid impacts demand-
related modulation in several brain regions that also show
markedly reduced modulation in older age and are involved in

semantic processing (Binder et al. 2009). Quadratic effects of
amyloid burden on modulation were observed in predominantly
task-positive regions including left middle temporal gyrus, right
caudate, left putamen, and the left TPO junction, a region at
the posterior end of the Sylvian fissure where several high-level
functions and sensory details are integrated (De Benedictis et al.
2014). This quadratic relationship was characterized by amyloid
having a negative relationship to modulation in those with a
youthlike low SUVR, then this relationship reversing as those
with a high SUVR showed a strong modulation response. We note
that these findings were significant at a voxel-based threshold of
P <0.005, but did not survive cluster-extent based thresholding.
To partially address this limitation, the activation maps in Fig. 4
display the voxelwise p-values at three different thresholds (color-
coded) to more fully represent which regions evidenced the most
statistically robust effects of amyloid on modulation, namely
those centered in the bilateral middle temporal gyri, right caudate,
and portions of the brain stem (see also Table 2). Importantly,
these findings closely mirrored effects of amyloid observed in
Foster et al. (2018) and Kennedy et al. (2018). Kennedy et al.
also found quadratic effects of amyloid deposition on BOLD
modulation in the basal ganglia (i.e. caudate and putamen) for
an n-back task, as well as in cerebellum. Foster et al. observed
quadratic effects of amyloid on BOLD-signal to hard spatial
distance judgments in similar left middle temporal and left TPO
junction clusters, as well as an additional medial frontal cluster.
Although additional research is needed, these findings suggest
that activity in left middle temporal gyrus, left TPO junction, and
the basal ganglia appears to be similarly affected by amyloid-
burden across multiple cognitive tasks, and this potentially
represents a task-general influence of amyloid burden on neural
activity.

In addition to this quadratic relationship between amyloid
SUVR and modulation, we observed a linear negative effect of
SUVR in right lateral temporal (inferior, middle, and superior
gyri), right hippocampus, and right anterior cingulate such that
those with greater amyloid had more negative modulation (high
demand < low demand) in these mostly task-negative regions.
Although this sample was screened to be cognitively normal,
this increased task-negativity and modulation in hippocampus
for those with high amyloid appears consistent with commonly
observed hippocampal hyperactivity in those with mild cognitive
impairment (Dickerson et al. 2005; Celone et al. 2006). This rela-
tionship is also partly consistent with rodent research showing
that amyloid-beta has a nonlinear causal relationship to hip-
pocampal activity with low levels of amyloid promoting long-
term potentiation and substantial amyloid leading to a collapse
in potentiation (Puzzo et al. 2008; Abramov et al. 2009); here, a
functional collapse at high amyloid levels was not observed. It
would be informative to see whether those with Alzheimer’s dis-
ease show reduced hippocampal modulation analogous to their
hypoactivation on episodic memory tasks (Dickerson et al. 2005;
Celone et al. 2006) and potentiation impairments in rodents with
high amyloid.

Findings here also supported our hypothesis that greater
demand-related modulation would be predictive of higher fluid
ability, as the ability to adaptively allocate neural resources
to challenging tasks is likely an important factor in healthy
cognitive aging (Mattay Venkata et al. 2006; Cappell et al. 2010;
Bauer et al. 2015; Webb et al. 2020). The CRUNCH framework
(Reuter-Lorenz and Cappell 2008) frames age-related cognitive
decline as being partly due to age-related reductions in neural
resources that limits efficient ramping up of neural activity as
a task becomes more demanding. In line with this framework,



Hennesseeetal. | 7

® 4 ’ [ I
Q g ©
8 S . ”.é:. ! SUVR
N N L, - ¥ w124
= = 04
= = = Py _!Q‘ g e 1.09
< 2 T
o o , b g ° 0.94
=2 =2 -3 Py
w . w .24
02 00 02 04 02 00 02 04
Modulation Beta (centered) Modulation Beta (centered)
B) : ;
- - 54
: | - |
Ww 4+ | w \l
.5 ™~ ! .5 0
§ \ E 1 =
- N\ - :
T 0 - k=] :
[s] ! [s] !
= l = -5 l
o | o I
8_4 1 8 1
k=] ' 9 :
¥ T L) 4 T T ¥ T — = { L) Al
-30 -20 .10 0 10 20 30 -0.3 0.0 0.3 0.6
Age (centered) Amyloid SUVR (centered)
Range of
—  observed p<.05 n.s.
data

Fig. 5. (A) Moderation effects of age and amyloid SUVR on the relationship between modulation and fluid ability. Moderator simple slopes were estimated
at their mean +/— 1 SD, and modulation beta weights (high—Low demand) were extracted from the primary mask of the P < 0.005 SUVR? effect. Asterisks
indicate significant slopes: %, P < 0.05. (B) Conditional effect of modulation on fluid ability at different values of age and amyloid SUVR. Confidence bands
estimated using the Johnson-Neyman procedure indicated the SUVR and age values at which modulation had a significant or nonsignificant effect. The
effect of modulation was significant at ages 50-63.61 and in those with an SUVR below 1.01.

this study observed that older adults with a more youthlike
ability to modulate activity in response to task demands showed
more youthlike cognitive performance. Critically, modulation
interacted with amyloid and age such that the positive effect
of modulation on fluid ability weakened with increased amyloid
burden and age. It was only significantin those with practically no
amyloid (SUVR <1.01), well below a standard cutoff for amyloid
positivity (Joshi et al. 2012; SUVR > 1.1). Somewhat paradoxically,
the nonlinear relationship between SUVR and demand-related
modulation indicated that several regions showed increased
modulation at high levels of amyloid, despite this lack of a positive
effect of modulation on cognition. Modulation in those with
substantial amyloid may be inefficient, possibly due to amyloid-
related changes to functional networks such as the frontoparietal
and default mode network (Ben-Nejma et al. 2019; Hahn et al.
2019; Quevenco et al. 2020; Moffat et al. 2022). Additionally, those
with very high amyloid SUVRs are more likely to have increased
Alzheimer’s disease-related pathology, such as elevated tau or

neurodegeneration (Jack et al. 2013), which could potentially
in turn make modulation less effective. These findings add to
the CRUNCH framework as they specify a new, yet common,
situation where the benefits of modulation appear to break
down.

The association between modulation and fluid ability also
weakened as a function of age, with significant effects observed
in late middle-age and those in their early 60s. It is likely that
maintenance of youthlike strong demand-related modulation in
the transition from middle-age to early older adulthood would
allow for more effective allocation of neural resources across
various tasks, thus supporting strong performance on the
challenging tasks that comprised our fluid ability measure. In
contrast, because BOLD activation for both high and low demand
semantic judgments increases markedly with age (Wierenga
et al. 2008; Hennessee et al. 2022) it seems likely that lower
modulation in the oldest older adults often reflects a ceiling
effect on activation such that ramping up activation further for
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high demand judgments would be both difficult due to resource
limitations and unnecessary.

Conclusion

In conclusion, the current study demonstrated that amyloid-
beta deposition shows a quadratic relationship to demand-related
modulation in left middle temporal gyrus, right caudate, left
putamen, and the left TPO junction with low levels of amyloid
having a negative effect on modulation that reverses in those
with substantially high amyloid burden. Furthermore, greater
modulation was related to better cognitive function and this study
specifies that this relationship is strongest in late middle age
and early older age and in those with minimal amyloid deposi-
tion. Further examination of amyloid’s effect on demand-related
modulation, especially with longitudinal research, will improve
our understanding of why some individuals with amyloid burden
nevertheless display strong cognitive function, and these changes
in BOLD modulation may provide a useful indicator of who is most
at risk for early cognitive decline.
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