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Abstract

The Apolipoprotein-E (APOE) ε4 allele is the greatest genetic risk factor for late-onset 

Alzheimer’s disease (AD), but alone it is not sufficiently predictive. Because neuropathological 

changes associated with AD begin decades before cognitive symptoms, neuroimaging of healthy, 

cognitively intact ε4 carriers (ε4+) may enable early characterization of patterns associated with 

risk for future decline. Research in the cerebral cortex highlights a period of compensatory 

recruitment in elders and ε4+, which serves to maintain cognitive functioning. Yet, AD-related 

changes may occur even earlier in the cerebellum. Advances in electroencephalography (EEG) 

source localization now allow effective modelling of cerebellar activity. Importantly, healthy aging 

and AD are associated with declines in both cerebellar functions and executive functioning (EF). 

However, it is not known whether cerebellar activity can detect pre-symptomatic AD risk. Thus, 

the current study analyzed cerebellar EEG source localization during an EF-dependent stop-signal 

task (i.e., inhibitory control) in healthy, intact older adults (Mage = 80 years; 20 ε4+, 25 ε4-). 

Task performance was comparable between groups. Older age predicted greater activity in left 

crus II and lobule VIIb during the P300 window (i.e., performance evaluation), consistent with 

age-related compensation. Age*ε4 moderations specifically showed that compensatory patterns 

were evident only in ε4-, suggesting that cerebellar compensatory resources may already be 

depleted in healthy ε4+ elders. Thus, the posterolateral cerebellum is sensitive to AD-related 

neural deficits in healthy elders. Characterization of these patterns may be essential for the earliest 

possible detection of AD risk, which would enable critical early intervention prior to symptom 

onset.
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Deficits in executive functions may, at least in part, underlie both the mild cognitive declines 

associated with healthy, normative aging (Deary et al., 2009; Salthouse, Atkinson, & Berish, 

2003; Treitz, Heyder, & Daum, 2007; Verhaeghen & Salthouse, 1997) and the severe 

declines in Alzheimer’s disease, including hallmark memory impairment (Alzheimer’s 

Association, 2022; Baudic et al., 2006; Harrington et al., 2013; McKhann et al., 2011; 

Seo, Kim, Lee, & Choo, 2016). This is because executive functioning represents an umbrella 

category of higher-order processes that are essential for cognitive control over goal-directed 

behavior (Miller, 2000; Miyake et al., 2000). These processes may be generally categorized 

into three groups: set shifting/flexibility, information updating, and inhibitory control 

(Carlson, Zelazo, & Faja, 2013; Miyake et al., 2000). Inhibitory control, which is the ability 

to withhold attentional or behavioral responses to irrelevant or interfering stimuli, may be 

particularly important for global cognitive function. It is also strongly linked to the ability 

to maintain independent living status, which is a diagnostic criterion for Alzheimer’s disease 

(Amieva, Phillips, Della Sala, & Henry, 2004; Jefferson, Paul, Ozonoff, & Cohen, 2006; 

Kaiser, Kuhlmann, & Bosnjak, 2018; Munakata et al., 2011; O’Connor & Boyle, 2007; 

Sweeney, Rosano, Berman, & Luna, 2001).

Because executive functions, including inhibitory control, rely on frontal lobe resources, 

much research in aging and Alzheimer’s disease focuses on those regions (Allain, Etcharry-

Bouyx, & Verny, 2013; Binetti et al., 1996; Buckner, 2004; Cabeza, Anderson, Locantore, 

& McIntosh, 2002; Collette, Van der Linden, & Salmon, 1999; Davis, Dennis, Daselaar, 

Fleck, & Cabeza, 2008; Reuter-Lorenz & Cappell, 2008; Reuter-Lorenz & Park, 2014; 

Rodríguez-Aranda & Sundet, 2006; Scharre et al., 2018). However, executive functioning 

importantly relies on not just frontal lobe function but on effective communication between 

the frontal lobes and regions of the posterior cerebellum (Bellebaum & Daum, 2007; 

Schmahmann, 2019; Stoodley & Schmahmann, 2009; Stoodley, Valera, & Schmahmann, 

2012). While less is known about inhibitory control specifically, executive functions in 

general rely specifically on activity in cerebellar crus I, crus II, and lobule VIIb (Clark, 

King, & Turner, 2020; Schmahmann, Guell, Stoodley, & Halko, 2019; Stoodley, Desmond, 

Guell, & Schmahmann, 2021; Stoodley & Schmahmann, 2009; Stoodley et al., 2012). 

Structural and functional studies show that these regions selectively communicate with areas 

of the prefrontal, parietal, cingulate, and parahippocampal cortices involved in complex, 

higher-order cognitive processes (Clark et al., 2020; Jacobs et al., 2018; Schmahmann et al., 

2019; Stoodley et al., 2021).

While less investigated than cortical deficits, Alzheimer’s disease is associated with deficits 

in the structure, function, and connectivity of the cerebellum (for review see Hoxha et al., 

2018; Jacobs et al., 2018). Consistent with the early presentation of executive dysfunction 

in Alzheimer’s disease, cerebellar deficits begin in the posterior lobe (i.e., cognitive regions) 

and advance with disease progression to the anterior lobe (i.e., motor regions; Schmahmann 

et al., 2019; Stoodley et al., 2012). Despite research suggesting that Alzheimer’s-related 

deficits in the cerebellum may occur even earlier than those in the cortex (Bruchhage, 

Correla, Malloy, Salloway, & Deoni, 2018; Filip, Gallea, Lehéricy, Lungu, & Bareš, 2019; 

Jacobs et al., 2018; Kuo et al., 2020), research investigating the role of the cerebellum in 

healthy participants with Alzheimer’s risk factors is severely lacking.

Paitel and Nielson Page 2

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to advancing age, inheriting the Apolipoprotein-E (APOE) ε4 allele is the 

greatest risk factor for late-onset Alzheimer’s disease, the predominant form (onset after 

age 65; Alzheimer’s Association, 2022). Specifically, the ε4 allele is associated with up 

to 12x greater Alzheimer’s risk, with an average age of onset about twelve years earlier 

in ε4 carriers (Alzheimer’s Association, 2022; Belloy, Napolioni, & Greicius, 2019; Loy, 

Schofield, Turner, & Kwok, 2014). While there is variability based on race and geographical 

location, at least ~25% of the U.S. population carries one or more copies of the ε4 allele 

(Rajan et al., 2017). Estimates of the lifetime risk associated with carrying an APOE ε4 

allele range from ~23–30% in heterozygous ε4 carriers and ~51–60% in homozygous 

carriers by age 85 (Genin et al., 2011). Thus, despite greater Alzheimer’s risk in ε4 

carriers (ε4+) relative to non-carriers (ε4-), APOE allelic inheritance alone is not sufficiently 

predictive of Alzheimer’s disease as a stand-alone biomarker (Alzheimer’s Association, 

2022; Mayeux et al., 1998). Importantly, Alzheimer’s-related neuropathological changes 

may begin decades prior to the onset of cognitive symptoms (Bateman et al., 2012; Jack Jr 

et al., 2009; Villemagne et al., 2013). Thus, research targeting healthy, cognitively intact ε4+ 

elders may enable early characterization of neural patterns that are associated with risk for 

future cognitive decline prior to symptom onset.

While cerebellar research is scarce, a substantial body of research on the cerebral cortex has 

aimed to characterize age- and ε4-related changes. One product of this work that may also 

be relevant to the cerebellum is the concept of compensatory recruitment. This refers to a 

period of increasing brain activation with advancing age that is thought to compensate for 

age-related neural deficits, enabling maintenance of intact cognitive performance (Cabeza, 

2002; Cabeza et al., 2002; Davis et al., 2008; Park & Reuter-Lorenz, 2009; Reuter-Lorenz & 

Cappell, 2008; Reuter-Lorenz & Park, 2014). The two predominant forms of compensation 

include greater recruitment of resources from the frontal lobes and the non-dominant 

hemisphere. Critically, compensatory resources are finite, and as neurological deficits 

accumulate, brain activation decreases, coinciding with more significant cognitive declines 

(Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Park, 2014). We refer to the exhaustion of 

these finite compensatory resources as ‘depletion’ throughout the remainder of the paper. A 

predominant compensatory model, the Scaffolding Theory of Aging and Cognition-Revised 

(STAC-r), specifically addresses inheritance of the APOE ε4 allele as a life-course factor 

that has a substantial impact on neurocognitive processes with aging (Reuter-Lorenz & Park, 

2014). Amongst healthy, cognitively intact elders, there is evidence of a period of greater, 

compensatory activation in ε4+ relative to ε4-, prior to subsequent declines (Han & Bondi, 

2008; Han et al., 2007; Rao et al., 2015; Reuter-Lorenz & Park, 2014; Scheller et al., 2018; 

Sugarman et al., 2012). This early period of compensation may be attributable to early 

Alzheimer’s pathology in ε4+, necessitating recruitment of additional resources earlier than 

they are needed in ε4- (Belloy et al., 2019; Genin et al., 2011; Reuter-Lorenz & Park, 2014).

Foundational research on compensatory theories of cognitive aging and most of the 

supporting research to-date uses functional MRI (fMRI) and positron emission tomography 

(PET). These methods have high spatial resolution but rely on proxy signals for neural 

activity (e.g., changes in blood oxygenation with fMRI). Moreover, these responses are 

very slow. Thus, the current understanding of compensatory models reflects activation 

that is collapsed across periods of at least several seconds, which is much slower than 
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the millisecond-level speed of neural processing in the brain (Hodgkin & Huxley, 1952; 

Slotnick, 2017). Electroencephalography (EEG), on the other hand, directly captures neural 

activity on the millisecond scale, ~1,000 times faster than fMRI (Luck, 2014; Slotnick, 

2017).

The millisecond-level resolution of EEG has vastly improved understanding of the neural 

subprocesses that are involved in inhibitory control (Enriquez-Geppert, Konrad, Pantev, & 

Huster, 2010; Huster, Enriquez-Geppert, Lavallee, Falkenstein, & Herrmann, 2013; Pires, 

Leitão, Guerrini, & Simões, 2014). One way of capturing these processes is to ‘lock’ event-

related EEG activity to a particular stimulus or response of interest, resulting in event-related 

potentials (i.e., ERPs; Luck, 2014). The first ERP that reflects inhibitory control is the 

N200, which is a negative-going wave occurring ~200ms following an inhibitory cue and 

is generally largest over frontal-central regions. Amplitude is thought to reflect conflict 

processing (Enriquez-Geppert et al., 2010; Huster et al., 2013; Pires et al., 2014). The 

second component is the P300, which is a positive-going wave that typically occurs ~300ms 

post-inhibitory cue. The inhibitory P300 has a generally diffuse pattern of activation, with 

activation reported in parietal as well as frontal regions. Amplitude is thought to reflect 

performance monitoring, evaluation, and adaptation/adjustment (Enriquez-Geppert et al., 

2010; Huster et al., 2013; Huster, Messel, Thunberg, & Raud, 2020; Pires et al., 2014). 

Given the well-established role of the cerebellum in predicting, monitoring, evaluating, and 

updating behavior, the current project focused on P300-related processing in the cerebellum 

(Bastian, 2006; Blakemore & Sirigu, 2003; Ito, 2008; Sokolov, Miall, & Ivry, 2017; Tseng, 

Diedrichsen, Krakauer, Shadmehr, & Bastian, 2007). This is also consistent with a model 

from Peterburs and Desmond (2016) suggesting that the cerebellum’s overarching role in 

cognitive functions is performance monitoring. Specifically, they posit that the cerebellum 

sends prediction to the prefrontal cortex regarding both whether and when (i.e., temporal 

prediction) a stimulus will occur. Those expected outcomes are compared with the actual 

outcomes, which resolve via prefrontal communication back to the cerebellum to evaluate 

and adjust the next predictions.

Traditionally, cerebellar EEG was not deemed feasible due to its anatomical configuration 

(i.e., folding patterns) and distance from scalp sensors (Andersen, Jerbi, & Dalal, 2020). A 

primary limitation to inferring spatial location using scalp-based EEG signals is the concept 

of volume conduction, which refers to the effects of measuring a signal at a distance from 

the generator(s) of the source (Baillet, Mosher, & Leahy, 2001; Brunner, Billinger, Seeber, 

Mullen, & Makeig, 2016; Cohen, 2014). Because multiple brain regions are simultaneously 

active at any given time, signals that reach each EEG sensor reflect activity from multiple 

sources (i.e., signal mixing). Additionally, a single underlying source may generate signals 

that spread to reach multiple sensors at the scalp. Given the electromagnetic superposition 

principle and the far greater number of sources compared to sensors, finding the inverse 

solution (i.e., determining the source(s) from the EEG sensor activity) is an ‘ill-posed’ 

problem, meaning that there is not a unique solution. Many combinations of location, 

orientation, and magnitude of neural sources could produce the same pattern of activity 

at the EEG sensors (Cohen, 2014; Grech et al., 2008). Despite this, advancements in 

source localization (e.g., effective parameters and algorithms for modeling electromagnetic 

properties of currents in the brain, improved realistic head models), have importantly 
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advanced the opportunity for precise spatial estimation without sacrificing the temporal 

resolution of EEG (for review see Awan, Saleem, & Kiran, 2019; Kaur, Singh, Bisht, Joshi, 

& Agrawal, 2022). Indeed, Torres and Beardsley (2019) recently demonstrated that concerns 

regarding cerebellar imaging with EEG were surmountable with current technology. Using 

a standard 64-channel EEG array, they were able to clearly isolate task-related motor 

activity in the cerebellum, which was differentiable, both spatially and temporally, from 

cortical activity and comparable to what is revealed using fMRI. Furthermore, this study 

demonstrated that MRI-confirmed, subject-specific anatomical images were not required 

for accurate cerebellar source localization. Relatedly, Samuelsson and colleagues (2020) 

quantified the magnitude of cerebellar signals and degree of cancellation, showing that the 

average cerebellar signals were only ~30% weaker than those from the cortex, with the 

strongest cerebellar signals generated in posterolateral regions associated with cognitive 

functioning (i.e., lobule VI, crus I, and crus II). Yet, EEG research modeling cerebellar 

activity is currently limited by the stark absence of studies with cognitive tasks, despite 

the advantageous location of relevant cerebellar lobules for EEG detection and analysis 

(Andersen et al., 2020).

In addition to the data-related advantages of using EEG over other imaging modalities 

(e.g., excellent temporal specificity, direct recording of population neural firing), there 

are important practical advantages. Unlike other imaging modalities, there are very few 

exclusion criteria for EEG, making it a safe and non-invasive option that is available 

for the vast majority of the population, including people with tattoos, metal below the 

head (including pacemakers and other medical devices, shrapnel, etc.), anxiety about tight 

spaces, and people who are pregnant. EEG is also strikingly less expensive than fMRI, the 

most common alternative. The cost to purchase, install, and maintain an fMRI scanner is 

exponentially greater than that of purchasing and maintaining EEG equipment. Even beyond 

this, the costs of scanner time for an fMRI study are estimated to be at least ten times greater 

than conducting an EEG study (Luck, 2014; Slotnick, 2017). These practical considerations 

combined with recent advances in EEG source modeling (Andersen et al., 2020; Awan et 

al., 2019; Kaur et al., 2022; Samuelsson et al., 2020) illustrate the potential for high-impact 

research that may make it an exceptionally valuable tool for research into early indicators of 

disease risk.

Thus, the current study aimed to use EEG source localization to characterize both 

contributions of aging (within a healthy older adult sample) and APOE ε4 on activity 

in cognitive regions of the cerebellum during the P300 window of successful inhibitory 

control. First, based on age-related compensatory patterns observed in the cortex (Cabeza, 

2002; Cabeza et al., 2002; Davis et al., 2008; Park & Reuter-Lorenz, 2009; Reuter-Lorenz 

& Cappell, 2008; Reuter-Lorenz & Park, 2014), we expected older age to predict greater 

cerebellar activity in regions of the cerebellum involved in executive functions (bilateral 

crus I, crus II, lobule VIIb). Furthermore, we expected APOE ε4 to moderate the effect 

of age on cerebellar activity. Specifically, based on evidence of earlier neuropathological 

deficits in ε4+ (Belloy et al., 2019; Genin et al., 2011; Reuter-Lorenz & Park, 2014) that 

may begin in the cerebellum even prior to the cortex (Bruchhage et al., 2018; Filip et al., 

2019; Jacobs et al., 2018; Kuo et al., 2020), we expected patterns consistent with depletion 

of age-related compensatory cerebellar resources in ε4+ elders. Thus, we anticipated that in 
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healthy, cognitively intact ε4- elders, older age would predict greater cerebellar activity (i.e., 

age-related compensation), but that in ε4+ elders, older age would predict lower cerebellar 

activity (i.e., depleted compensatory resources).

Method

Participants

Healthy, older adult participants (n = 49) were recruited from the local community for a 

larger study and were compensated for their participation. One participant was excluded due 

to evidence of impaired cognition (ε4+; see Cognitive Screening) and two were excluded 

due to technical issues during EEG data collection (both ε4+), bringing the sample to 46 

participants, including 21 who carried at least one copy of the APOE ε4 allele (ε3/ε4; two 

subjects had ε4/ε4) and 25 non-carriers (ε3/ε3; three subjects had ε2/ε3). APOE genotype 

was determined using real-time PCR-based single nucleotide polymorphism analysis; results 

were not divulged to participants. All procedures were approved by the Marquette University 

Institutional Review Board and were conducted strictly in line with the ethical approval and 

the principles of the Declaration of Helsinki.

Measures

Cognitive screening—Participants completed an initial phone screening to assess overall 

health and potential fit for the study. Upon in-person screening, the Mattis Dementia Rating 

Scale – Second Edition (DRS-2) was used to screen for intact cognition. A total score of 

130/144 was required for study inclusion (Jurica, Leitten, & Mattis, 2001).

Stop-signal task—EEG data were collected during a stop-signal inhibitory control task 

in which a serial stream of letters was visually presented for 750ms per stimulus with an 

inter-stimulus interval of 0ms. Participants first completed a Go condition, in which they 

were instructed to press the space bar for every occurrence of the letter “r” or “s” (504 

stimuli, 78 targets). The Go condition serves to establish a prepotent response to those 

specific stimuli. Afterward, during the Stop-signal condition, participants are instructed to 

respond to “r” and “s” stimuli (684 stimuli; 81 targets) unless the letter is followed by 

a red flash (i.e., the stop-signal; 36 stop trials), in which case they should withhold their 

response and wait for the next trial. The stop-signal was presented for a duration of 100ms 

with variable stop-signal delays at 125ms or 200ms. This approach was selected to ensure 

high accuracy (≅ 75% vs. 50% with a staircase procedure), while still avoiding predictability 

(see Elverman, Paitel, Figueroa, McKindles, & Nielson, 2021; Paitel & Nielson, 2021). 

Behavioral outcome measures include accuracy (go and stop trials) and stop-signal reaction 

time (SSRT). As successful stop trials are characterized by a non-response, the SSRT is an 

estimate calculated from the distributions of response time to target trials and the stop-signal 

delay (Logan, 1994; Logan & Cowan, 1984; Votruba et al., 2008).

EEG Data Acquisition and Preprocessing

EEG data were collected at a 500Hz sampling rate using 64-electrode Brain Products 

actiCAPs (extended International 10–20 System; ground at AFz; reference at FCz; 

impedances below 50kΩ), Neuroscan SynAmps, and Neuroscan software (Scan 4.5). A 
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low-pass hardware filter was applied online at 100Hz. EEG data were processed offline 

using EEGLAB (Version 14.1.0) via MATLAB (Version 7.12, The MathWorks). Upon 

import, data were visually inspected, and bad electrodes were interpolated as necessary 

(using spherical splines) to eliminate pervasive channel-level artifacts. The number of 

channels interpolated was low and comparable between groups (t(42) = .21, p = .84; 

Mε4- = .29 (SDε4- = .75; medianε4- = 0; rangeε4- = 0–3); Mε4+ = .25 (SDε4+ = .55; 

medianε4+ = 0; rangeε4+ = 0–2)). Data were re-referenced to a common average and filtered 

using a zero-phase Hamming-windowed sinc FIR filter to band-pass from 0.5 to 100Hz 

and a 2nd order Butterworth band-stop (i.e., “notch”) filter from 59–61Hz. An Adaptive 

Mixture Independent Component Analysis (AMICA; Palmer, Makeig, Kreutz-Delgado, & 

Rao, 2008) was used to eliminate eye blink artifact. Successful (i.e., correct) trials were 

then segmented locked to the stop-signal from -100ms pre-stimulus to 800ms post-stimulus, 

with a 100ms pre-stimulus baseline correction. The segmented data were inspected for any 

remaining artifact and rejected as needed. A comparable number of trials was included by 

group (t(42) = .36, p = .72; Mε4- = 26.79 (SDε4- = 3.71; medianε4- = 27.50; rangeε4- = 

19–32); Mε4+ = 26.30 (SDε4+ = 5.28; medianε4+ = 27.00; rangeε4+ = 17–34)). Unaveraged, 

single trial data for successful stop-signal trials were exported to open-source Brainstorm 

software (Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011) for further analysis.

Source analysis

Data processing steps for source estimation are displayed in Figure 1. Volume head models 

were constructed via OpenMEEG (Gramfort, Papadopoulo, Olivi, & Clerc, 2010; Gramfort, 

Papadopoulo, Olivi, & Clerc, 2011) using an adaptive integration approach in which the 

sampling of grid points is denser at the surface (nearer the EEG sensors; started at 4,000 

grid points). Each subsequent layer (moving inward toward the center of the brain) was 

down-sampled by a factor of three, which was repeated 17 times or until there were no 

remaining vertices. This approach resulted in models with 15,979 grid points. These realistic 

head models account for three realistic layers (i.e., scalp, inner skull, and outer skull) as well 

as variability in the conductivity of different head tissues (relative conductivity values: scalp 

= 1; outer skull = .0125; inner skull = 1). Because EEG signals measured at the scalp are 

generated within the brain and must be transmitted through the various head tissues, these 

realistic models are superior to simple, traditional models that use three spheres and fit the 

outer sphere to the electrode positions (Michel & Brunet, 2019; Michel & Murray, 2012; 

Tadel et al., 2019).

The electromagnetic properties of the head tissues and scalp electrodes are then used to 

estimate the sources of the EEG signals measured at the scalp. Based on the expectation 

that sources for these data would be distributed (vs. focal activation common to earlier, more 

sensory-perceptual event-related EEG activity), a depth-weighted minimum norm imaging 

approach was applied (Hämäläinen & Ilmoniemi, 1994; Lin et al., 2006; Mahjoory et 

al., 2017; Tadel, Bock, Mosher, Leahy, & Baillet, 2021). The noise and data covariance 

matrices were computed using each participant’s single trial data, with -100 to 0ms for 

noise covariance and 0 to 700ms for data covariance. Given the use of volume source space, 

dipole orientation was unconstrained, resulting in three orthogonal dipoles at each grid 
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point. Resulting source maps were z-score normalized relative to the pre-stimulus baseline 

period to increase the signal-to-noise ratio and create consistent metrics across participants.

Given the unconstrained sources, each grid point had three time series (one for each dipole 

orientation (x, y, z)). The maximum value in each dipole was found, and the norm of 

the three orientations was computed (sqrt max(x2) + max(y2) + max(z2)), resulting in one 

value per grid point for every time point. These normed values were used to obtain an 

absolute (vs. relative) value, based on interest in magnitude of activation regardless of 

polarity (Tadel et al., 2019). The maximum norm value within each region of interest (ROI) 

was then extracted for each time point. Based on previous research with older adults (e.g., 

Elverman et al., 2021; Paitel & Nielson, 2021) and visualization of time series data (see 

Supplementary Figure 1), max activation within each ROI was then averaged across 330–

550ms to target P300-related activity. This window is consistent with relatively delayed 

P300-related processes in older (vs. young) adults (Cheng, Tsai, & Cheng, 2019; Elverman 

et al., 2021; Patel & Azzam, 2005). Cerebellar ROIs were selected a priori based on regions 

involved in executive functions (Clark et al., 2020; Mannarelli et al., 2020; Stoodley et 

al., 2021; Stoodley & Schmahmann, 2009; Stoodley et al., 2012) and sensitive to early 

Alzheimer’s disease (Gellersen, Guell, & Sami, 2021; Guo et al., 2016). These regions were 

isolated using the AAL3 atlas (Rolls, Huang, Lin, Feng, & Joliot, 2020): bilateral crus I, crus 

II, and lobule VIIb.

Procedure

EEG data during the stop-signal task were collected as part of a larger study. Participants 

completed individual testing sessions, and informed consent was completed at the beginning 

of the session. During EEG data collection, participants were seated in front of a computer 

and instructed to limit gross motor movements and speech to minimize noise in the 

EEG data. Stop-signal task instructions were read aloud as they appeared on the screen. 

Participants were given the opportunity to ask questions and feedback was provided during a 

practice block. No feedback was provided during task performance.

Statistical approach

Multiple moderation models were structured with Age predicting cerebellar Source activity 

in bilateral crus I, crus II, and lobule VIIb. APOE ε4 was added as a moderator 

(PROCESS model 1 – simple moderation; Hayes, 2022). This model structure allows for 

the investigation of Age*APOE interaction terms in which the effect of Age on Source 

is dependent on APOE ε4 group. Cerebellar regions were investigated bilaterally due to 

evidence of involvement of both hemispheres in cognitive functions (Schmahmann et al., 

2019; Stoodley et al., 2021; Stoodley & Schmahmann, 2009; Stoodley et al., 2012) and 

substantial evidence of bilaterality with older age (Bernard & Seidler, 2012; Cabeza, 2002; 

Carp, Park, Hebrank, Park, & Polk, 2011; Naccarato et al., 2006; Reuter-Lorenz & Park, 

2014).
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Results

Descriptive statistics and excluded data

One participant (ε4+) had extreme source values suggestive of poor data quality. This 

participant was excluded from analyses, resulting in a final sample of 45 participants, 

including 20 ε4+ and 25 ε4-. Sample demographics are presented in Table 1 by APOE 

ε4 group. Independent samples t-tests were used to compare all demographics, with the 

exception of sex distribution, which was assessed using a X2 test. The groups were 

comparable in age, sex distribution, and DRS scores. The ε4+ group had on average 1.5 

years more education than the ε4- group, which was statistically significant. However, 

it should be noted that greater education in ε4+ is considered a protective factor. This 

would therefore be expected to reduce rather than increase group differences. Nevertheless, 

education was added as a covariate in the moderation analyses.

Task performance

Performance on the stop-signal task is presented by APOE ε4 group in Table 2. Performance 

was compared using independent samples t-tests. Groups did not significantly differ on any 

task metrics, including percent correct inhibitory trials (PCIT; stop-signal trials), percent 

correct target trials (PCTT; go target trials), or SSRT.

Source analysis results

Education was not a significant covariate in any of the moderation models (see Table 3). 

While sex did not significantly differ by ε4 group (see Table 1), because the distribution 

was not equal, we verified that sex did not significantly correlate with the cerebellar source 

(i.e., outcome) variables. Cerebellar source models were significant with left crus II and left 

lobule VIIb. In both, age was a significant predictor of cerebellar activity, such that within 

this older adult sample, older age predicted greater activity (see Figures 2 & 3; Table 3). 

This relationship was moderated by APOE ε4 in both left crus II and left lobule VIIb, with 

older age predicting greater activity only in the ε4- group. The ε4+ group did not show this 

greater activity with older age. Follow-up contrasts comparing ε4 groups clarified that ε4- 

had trending patterns of greater activation than ε4+ only in the oldest participants (ps = .06; 

see Table 3).

Discussion

The current study used EEG source localization to examine the impact of older age and 

APOE ε4 inheritance on cerebellar activity during successful inhibitory control in the P300 

window. In this sample of healthy, cognitively intact older adults, older age predicted 

greater cerebellar activity during successful inhibition in left crus II and left lobule VIIb. 

Furthermore, the interaction of age and APOE ε4 was significant in both regions, clarifying 

that older age predicted greater activity specifically within the ε4- group. ε4+ deviated from 

this pattern and did not show greater cerebellar activity with older age.
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Compensatory cerebellar activity

The findings in this study, using an older sample in which there was high and comparable 

task accuracy across the genetic groups, suggest that increased cerebellar activation with 

age serves a compensatory role, but this compensatory capacity may already be depleted 

in healthy ε4+ of the same age (Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Park, 

2014). Specifically, as age-related neural deficiencies accumulate in ε4-, greater cerebellar 

activation likely contributes to maintenance of intact task performance. In contrast, neural 

degradation is thought to begin at an earlier age in ε4+ (Belloy et al., 2019; Genin et al., 

2011; Reuter-Lorenz & Park, 2014), possibly even earlier in cerebellum than in the cortex 

(Bruchhage et al., 2018; Filip et al., 2019; Jacobs et al., 2018; Kuo et al., 2020), which 

would invoke and then deplete compensatory reserves at an earlier age. This interpretation 

fits the current findings in this older sample (mean age = 80 years), where contrasts showed 

that cerebellar activity was lower in the oldest ε4+ compared with ε4-. While the groups 

did not significantly differ at the younger end of this age span, there appears to be modestly 

greater activity in the ε4+ group in these regions, which we hypothesize would be more 

robust with larger samples.

The current cerebellar EEG findings support and expand upon a longitudinal study that 

used a high-accuracy semantic memory task to evaluate age-related patterns in cortical 

fMRI activation by APOE ε4 (Rao et al., 2015). At baseline, healthy, cognitively intact 

older ε4+ had greater activation than comparable ε4-. Over the five-year follow-up period, 

activation in ε4- increased, consistent with expected age-related compensation, while 

activation in ε4+ decreased over the same period, coincident with episodic memory decline 

and hippocampal atrophy. The current results from a cross-sectional study fit very well with 

this framework and expand it to include the under-studied role of the cerebellum during 

inhibitory performance evaluation. We provide the following figure to illustrate theoretical 

trajectories of age-related compensatory activation, separated by APOE ε4 group (see Figure 

4).

Despite the consistency of our data with depleted compensatory resources in ε4+, there was 

no evidence of poorer performance in ε4+ during the stop-signal task. There are likely two 

principal explanations. First, while the stop-signal inhibitory control task assesses complex 

cognitive functions, it is designed to be relatively low-demand and high-accuracy (Elverman 

et al., 2021; Paitel & Nielson, 2021). Even compared to other inhibitory control tasks, 

such as go/no-go paradigms, the stop-signal task is less dependent on working memory, 

creating lower demand and allowing for more comparable task performance between ε4 

groups (Cheng et al., 2019; Paitel & Nielson, 2021; Rubia et al., 2001). This comparable and 

high-accuracy task performance is critical for interpreting differences in neural activation in 

the context of compensatory theories of aging (Reuter-Lorenz & Cappell, 2008). Behavioral 

performance differences between groups introduce confounds to neural activation that are 

attributable to task difficulty and error networks. That being said, assessment of higher-

demand cognitive processes would be more, rather than less, likely to reveal deficits in the 

ε4+ elders. Indeed, the longitudinal fMRI study from Rao and colleagues (2015) analyzed 

brain activation during a high-accuracy semantic memory task and showed cognitive deficits 

over time in ε4+ not within that lower-demand task, but rather in episodic memory, which 
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is higher-demand (Reuter-Lorenz & Cappell, 2008). Second, the current sample consists 

of highly educated older adults who met screening criteria for intact cognitive functioning 

despite their older age and genetic risk. Thus, the current study preferentially captures those 

who have maintained high cognitive performance despite the neural consequences of age 

and ε4. Greater educational attainment may also have minimized impending performance 

deficits (Chapko, McCormack, Black, Staff, & Murray, 2018; Roldán-Tapia, Cánovas, León, 

& García-Garcia, 2017; Stern, 2002). A larger sample with a greater range in education and 

cognitive functioning would more likely reveal deficits in the oldest ε4+ participants.

Cognitive cerebellar ROIs

The role of the posterior cerebellum, particularly crus I/II and lobule VIIb, during successful 

inhibitory control in the present study expands upon existing research linking activation 

in these regions with executive functions (King, Hernandez-Castillo, Poldrack, Ivry, & 

Diedrichsen, 2019; Stoodley & Schmahmann, 2009). Functional mapping from King 

et al. (2019) highlighted the role of bilateral crus I and II in active maintenance of 

information, divided attention, and interference resolution. They showed the role of lobule 

VIIb specifically in attention networks and motor planning (Buckner, Krienen, Castellanos, 

Diaz, & Yeo, 2011; King et al., 2019). Relatedly, a meta-analysis of fMRI and PET studies 

contrasted activation during various executive tasks (e.g., go/no-go, Tower of London, 

decision-making, random number generation) vs. tasks assessing spatial, verbal, working 

memory, and affective functions. Activity during executive functions was isolated to left crus 

I and lobule VIIb (Stoodley & Schmahmann, 2009). The results were generalized across 

executive tasks, pointing to a potentially important role of left crus I and lobule VIIb in the 

overall cognitive control that is relevant to most executive tasks (e.g., Niendam et al., 2012). 

The current findings expand upon these previous studies to suggest specific involvement of 

crus II and lobule VIIb in inhibitory performance evaluation within a sample of healthy older 

adults (Enriquez-Geppert et al., 2010; Huster et al., 2013; Huster et al., 2020).

Some previous research has suggested a relative vulnerability of crus I and II to age- and 

Alzheimer’s-related risk. Specifically, both healthy aging and Alzheimer’s disease have been 

associated with grey matter loss selectively in crus I and crus II (Abe et al., 2008; Alexander 

et al., 2006; Gellersen et al., 2021; Guo et al., 2016). Studies of resting state intrinsic 

connectivity and transcranial magnetic stimulation (TMS) have shown that bilateral crus I 

and II are functionally connected with regions of the cortex involved in the default mode 

network (Bernard & Seidler, 2014; Buckner et al., 2011; Guo et al., 2016; Halko, Farzan, 

Eldaief, Schmahmann, & Pascual-Leone, 2014), which is one of the earliest networks 

impacted by Alzheimer’s-related neuropathology (Greicius, Srivastava, Reiss, & Menon, 

2004; Mevel, Chételat, Eustache, & Desgranges, 2011; Simic, Babic, Borovecki, & Hof, 

2014). The current findings suggest that functional, task-related activity in left crus II and 

lobule VIIb may reveal early age- and ε4-related vulnerabilities, even before symptom 

onset. Research with Alzheimer’s groups largely relies on resting state analysis, which 

preferentially activates regions in the default mode network (e.g., crus I/II), rather than 

those associated with networks that are more active during task engagement. Connectivity 

studies with healthy samples show that lobule VIIb plays an important role in frontal-parietal 

attention networks, which are preferentially active during task engagement, with greater 
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activation during higher task demand (Brissenden & Somers, 2019; Buckner et al., 2011; 

Chen & Desmond, 2005; Habas, 2021; King et al., 2019). Specifically, a strong case has 

been made for the role of lobule VIIb in the dorsal attention network, which is involved 

in top-down, goal-directed attention toward task-relevant stimuli (Brissenden, Levin, Osher, 

Halko, & Somers, 2016; Brissenden & Somers, 2019; Brissenden et al., 2018). Thus, tasks 

such as the stop-signal that assess complex cognitive processes while allowing for high-level 

task performance may be important for capturing age- and Alzheimer’s risk-related neural 

effects, particularly in regions outside of the default mode network.

The current results demonstrated age by APOE ε4 interactions that were significant 

specifically in the left cerebellar hemisphere. Research on cerebellar lateralization during 

cognitive tasks in young participants generally points to a right hemisphere dominance for 

language tasks, left hemisphere dominance for visual-spatial tasks, and bilateral activation 

during executive functions (Schmahmann et al., 2019; Stoodley et al., 2021; Stoodley & 

Schmahmann, 2009; Stoodley et al., 2012). The impact of age on cerebellar lateralization 

is less clear, with some evidence of increased bilaterality in older age during resting state 

(Bernard & Seidler, 2012) and in motor tasks (Carp et al., 2011; Naccarato et al., 2006). 

Greater bilaterality with age is consistent with age-related compensatory patterns evident in 

the cerebral cortex (Cabeza, 2002; Reuter-Lorenz & Park, 2014).

Because the current models specifically assess the impact of age and Alzheimer’s risk, 

it is notable that there is some evidence of a right cerebellar hemisphere vulnerability in 

Alzheimer’s disease (Gellersen et al., 2021). A recent meta-analysis isolated a pattern of 

right lateralized grey matter loss in crus I and II that differentiated Alzheimer’s disease from 

healthy aging, which evidenced bilateral patterns of grey matter loss (Gellersen et al., 2021). 

Yet, a similar study reported significant cerebellar atrophy in Alzheimer’s disease relative to 

age-matched healthy controls in bilateral crus I and crus II (Guo et al., 2016). Furthermore, 

some work in those with mild cognitive impairment (MCI), which is often considered a 

transitional stage to Alzheimer’s disease, has pointed to left-lateralized cerebellar effects 

during resting state (Bai et al., 2011). Taken together, the literature is currently mixed 

regarding potential lateralized Alzheimer’s-related vulnerability in the cerebellum.

During the P300 window during successful inhibitory control, our findings point to age-

related compensatory recruitment in left crus II and lobule VIIb in healthy, cognitively 

intact ε4- elders, while this compensation capacity may be depleted in ε4+. There are two 

potential explanations for these left-lateralized patterns. First, inhibitory P300 activity in 

the cerebral cortex tends to be right-hemisphere dominant (Enriquez-Geppert et al., 2010; 

Huster et al., 2013; Huster et al., 2020; Paitel & Nielson, 2021). Given the predominately 

contralateral projections between the cerebellum and cortex (Bostan, Dum, & Strick, 2013; 

Krienen & Buckner, 2009), the left-lateralized effects may reflect relatively greater demand 

on these specific networks (right cortical ←→ left cerebellar) during successful inhibitory 

performance evaluation. It is also possible, however, that this approach is capturing 

hemisphere-specific cerebellar vulnerabilities that may precede those evidenced in MCI and 

Alzheimer’s disease (Bai et al., 2011; Gellersen et al., 2021; Guo et al., 2016; Hoxha et al., 

2018; Jacobs et al., 2018). Specifically, greater activity in left crus II and lobule VIIb with 

older age in healthy ε4- may suggest that those regions are more vulnerable to age-related 
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neural deficits, thus necessitating greater magnitude of activation to maintain high task 

performance (Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Cappell, 2008; Reuter-Lorenz 

& Park, 2014).

Limitations and future directions

Future research capturing younger stages of older adulthood and incorporating middle-age 

participants may be key for detecting the earliest possible signs of risk for Alzheimer’s 

disease-related pathology. The current results with an older sample, older than is typical 

in many cognitive aging studies, suggested that compensatory cerebellar resources may be 

depleted in ε4+ participants. Thus, looking earlier might increase the likelihood of detecting 

the earlier compensatory phase of activation in ε4+ (see Figure 4). This approach may be 

fundamentally important for early detection and intervention in those with elevated risk for 

Alzheimer’s disease.

While the gene groups in the current study did not significantly differ in sex distribution, 

there was a greater percentage of women in the ε4+ group (i.e., 16 female/4 male ε4+, 

17 female/8 male ε4-). A balanced sex distribution would be statistically advantageous. 

However, there is evidence of greater Alzheimer’s risk in women, beyond what is 

attributable to longevity (Alzheimer’s Association, 2022; Riedel, Thompson, & Brinton, 

2016), and a greater influence of ε4+ on women (Altmann, Tian, Henderson, Greicius, & 

Investigators, 2014; Rahman et al., 2020). As such, future research directly interrogating the 

influence of sex in these patterns may provide important insights.

The current analyses investigated cerebellar activity during the P300 time window, 

corresponding with inhibitory performance monitoring, evaluating, and updating (Enriquez-

Geppert et al., 2010; Huster et al., 2013; Huster et al., 2020), in line with well-established 

cerebellar prediction and updating processes (Bastian, 2006; Blakemore & Sirigu, 2003; Ito, 

2008; Peterburs & Desmond, 2016; Sokolov et al., 2017; Tseng et al., 2007). There may also 

be important cerebellar contributions during the inhibitory N200 window, corresponding 

with conflict processes (Clark et al., 2020; Mannarelli et al., 2020). The impact of age 

and Alzheimer’s risk on these inhibitory subprocesses may be an important focus of future 

research.

It is well-established that cognitive regions of the cerebellum communicate in feed-back 

and feed-forward loops with regions of the cortex involved in higher-order cognitive 

processes, including prefrontal and association cortices (Schmahmann et al., 2019; Stoodley 

et al., 2012). Thus, given the feasibility of cerebellar source estimation, EEG source-level 

functional connectivity assessing frontal-cerebellar connectivity during executive functions 

is a necessary next step for understanding network-level activation patterns. Additionally, 

some research points to stronger results using functional connectivity relative to activation 

within the cerebellum in MCI and early stages of Alzheimer’s disease (Bai et al., 2011; 

Hoxha et al., 2018; Jacobs et al., 2018; Jernigan et al., 2001; Pagen et al., 2020). 

Thus, functional connectivity may prove a particularly robust approach for detecting and 

predicting early patterns associated with Alzheimer’s risk.
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Conclusions

The current results demonstrate the feasibility of cerebellar EEG source localization during 

a complex but high-accuracy inhibitory control task. We further provide evidence for age-

related compensatory cerebellar activity during the P300 window in healthy, cognitively 

intact ε4- elders. Specifically, greater activity in left crus II and left lobule VIIb may be 

important for maintaining sufficient inhibitory performance monitoring processes to support 

intact inhibitory control with older age. However, patterns in this relatively old ε4+ sample 

(mean age = 80 years) were consistent with depletion of cerebellar resources, suggesting that 

the posterolateral cerebellum may be impacted early in healthy elders with genetic risk for 

Alzheimer’s disease.

The current findings and methodology aim to provide an important launch point for 

furthering understanding of the impact of aging and neuropathology on the cognitive 

cerebellum. While our interests lie in Alzheimer’s disease, cerebellar dysfunction is 

implicated in a vast number of neurological and psychopathological conditions, including 

Parkinson’s disease, Huntington’s disease, autism spectrum disorder, psychotic disorders 

(including schizophrenia), depression, and anxiety disorders (Becker & Stoodley, 2013; 

Franklin, Camargo, Meira, Lima, & Teive, 2021; Heslin, Shaffer, Powers, Andreasen, & 

Parker, 2020; Minichino et al., 2014; Moreno-Rius, 2018; Wu & Hallett, 2013). As such, the 

methodological approach presented in this study could potentially be extended and applied 

to a wide range of neurological disorders beyond Alzheimer’s disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

This research was supported by a Way Klingler Sabbatical Research Fellowship from the Office of the Provost at 
Marquette University (KAN), a private contribution from Thomas J. Salentine to the Aging, Imaging and Memory 
Lab at Marquette University (KAN, Director), and the National Center for Advancing Translational Sciences, 
National Institutes of Health (ERP; UL1TR001436, TL1TR001437; the study contents are solely the responsibility 
of the authors and do not necessarily represent the official views of the NIH). The authors have no competing 
interests.

Data Availability Statement:

The de-identified data presented in this study are available on request to the corresponding 

author (KAN).

References

Abe O, Yamasue H, Aoki S, Suga M, Yamada H, Kasai K, … Ohtomo K (2008). Aging in the CNS: 
comparison of gray/white matter volume and diffusion tensor data. Neurobiology of aging, 29(1), 
102–116. 10.1016/j.neurobiolaging.2006.09.003 [PubMed: 17023094] 

Alexander GE, Chen K, Merkley TL, Reiman EM, Caselli RJ, Aschenbrenner M, … Teipel SJ 
(2006). Regional network of magnetic resonance imaging gray matter volume in healthy aging. 
Neuroreport, 17(10), 951–956. 10.1097/01.wnr.0000220135.16844.b6 [PubMed: 16791083] 

Paitel and Nielson Page 14

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Allain P, Etcharry-Bouyx F, & Verny C (2013). Executive functions in clinical and preclinical 
Alzheimer’s disease. Revue neurologique, 169(10), 695–708. 10.1016/j.neurol.2013.07.020 
[PubMed: 24011643] 

Altmann A, Tian L, Henderson VW, & Greicius MD (2014). Sex modifies the APOE‐related risk of 
developing Alzheimer disease. Annals of neurology, 75(4), 563–573. 10.1002/ana.24135 [PubMed: 
24623176] 

Alzheimer’s Association. (2022). 2022 Alzheimer’s disease facts and figures. Alzheimers & Dementia, 
18(4), 700–789. 10.1002/alz.12638

Amieva H, Phillips LH, Della Sala S, & Henry JD (2004). Inhibitory functioning in Alzheimer’s 
disease. Brain, 127(5), 949–964. 10.1093/brain/awh045 [PubMed: 14645147] 

Andersen LM, Jerbi K, & Dalal SS (2020). Can EEG and MEG detect signals from the human 
cerebellum? Neuroimage, 215, 116817. 10.1016/j.neuroimage.2020.116817 [PubMed: 32278092] 

Awan FG, Saleem O, & Kiran A (2019). Recent trends and advances in solving the inverse problem 
for EEG source localization. Inverse Problems in Science and Engineering, 27(11), 1521–1536. 
10.1080/17415977.2018.1490279

Bai F, Liao W, Watson DR, Shi Y, Yuan Y, Cohen AD, … Teng Y (2011). Mapping the altered patterns 
of cerebellar resting-state function in longitudinal amnestic mild cognitive impairment patients. 
Journal of Alzheimer’s Disease, 23(1), 87–99. 10.3233/JAD-2010-101533

Baillet S, Mosher JC, & Leahy RM (2001). Electromagnetic brain mapping. IEEE Signal processing 
magazine, 18(6), 14–30. 10.1109/79.962275

Bastian AJ (2006). Learning to predict the future: the cerebellum adapts feedforward movement 
control. Current opinion in neurobiology, 16(6), 645–649. 10.1016/j.conb.2006.08.016 [PubMed: 
17071073] 

Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC, … Blazey TM (2012). Clinical 
and biomarker changes in dominantly inherited Alzheimer’s disease. New England Journal of 
Medicine, 367, 795–804. 10.1056/NEJMoa1202753 [PubMed: 22784036] 

Baudic S, Dalla Barba G, Thibaudet MC, Smagghe A, Remy P, & Traykov L (2006). Executive 
function deficits in early Alzheimer’s disease and their relations with episodic memory. Archives 
of clinical neuropsychology, 21(1), 15–21. 10.1016/j.acn.2005.07.002 [PubMed: 16125364] 

Becker EB, & Stoodley CJ (2013). Autism spectrum disorder and the cerebellum. International review 
of neurobiology, 113, 1–34. 10.1016/B978-0-12-418700-9.00001-0 [PubMed: 24290381] 

Bellebaum C, & Daum I (2007). Cerebellar involvement in executive control. The Cerebellum, 6(3), 
184–192. 10.1080/14734220601169707 [PubMed: 17786814] 

Belloy ME, Napolioni V, & Greicius MD (2019). A quarter century of APOE and Alzheimer’s disease: 
progress to date and the path forward. Neuron, 101(5), 820–838. 10.1016/j.neuron.2019.01.056 
[PubMed: 30844401] 

Bernard JA, & Seidler RD (2012). Evidence for motor cortex dedifferentiation in older adults. 
Neurobiology of aging, 33(9), 1890–1899. 10.1016/j.neurobiolaging.2011.06.021 [PubMed: 
21813213] 

Bernard JA, & Seidler RD (2014). Moving forward: age effects on the cerebellum underlie 
cognitive and motor declines. Neuroscience & Biobehavioral Reviews, 42, 193–207. 10.1016/
j.neubiorev.2014.02.011 [PubMed: 24594194] 

Binetti G, Magni E, Padovani A, Cappa S, Bianchetti A, & Trabucchi M (1996). Executive dysfunction 
in early Alzheimer’s disease. Journal of Neurology, Neurosurgery & Psychiatry, 60(1), 91–93. 
10.1136/jnnp.60.1.91 [PubMed: 8558161] 

Blakemore S-J, & Sirigu A (2003). Action prediction in the cerebellum and in the parietal lobe. 
Experimental Brain Research, 153(2), 239–245. 10.1007/s00221-003-1597-z [PubMed: 12955381] 

Bostan AC, Dum RP, & Strick PL (2013). Cerebellar networks with the cerebral cortex and basal 
ganglia. Trends in cognitive sciences, 17(5), 241–254. 10.1016/j.tics.2013.03.003 [PubMed: 
23579055] 

Brissenden JA, Levin EJ, Osher DE, Halko MA, & Somers DC (2016). Functional evidence for a 
cerebellar node of the dorsal attention network. Journal of Neuroscience, 36(22), 6083–6096. 
10.1523/JNEUROSCI.0344-16.2016 [PubMed: 27251628] 

Paitel and Nielson Page 15

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Brissenden JA, & Somers DC (2019). Cortico–cerebellar networks for visual attention and working 
memory. Current opinion in psychology, 29, 239–247. 10.1016/j.copsyc.2019.05.003 [PubMed: 
31202085] 

Brissenden JA, Tobyne SM, Osher DE, Levin EJ, Halko MA, & Somers DC (2018). Topographic 
cortico-cerebellar networks revealed by visual attention and working memory. Current Biology, 
28(21), 3364–3372. e3365. 10.1016/j.cub.2018.08.059 [PubMed: 30344119] 

Bruchhage M, Correla S, Malloy P, Salloway S, & Deoni S (2018). Using machine learning to classify 
early stages of cognitive decline from typical ageing–the cerebellum more than just a bystander. 
Proceedings of the International Society for Magnetic Resonance in Medicine. Paris, France, 2018.

Brunner C, Billinger M, Seeber M, Mullen TR, & Makeig S (2016). Volume conduction influences 
scalp-based connectivity estimates. Frontiers in computational neuroscience, 10, 121. 10.3389/
fncom.2016.00121 [PubMed: 27920674] 

Buckner RL (2004). Memory and executive function in aging and AD: multiple factors 
that cause decline and reserve factors that compensate. Neuron, 44(1), 195–208. 10.1016/
j.neuron.2004.09.006 [PubMed: 15450170] 

Buckner RL, Krienen FM, Castellanos A, Diaz JC, & Yeo BT (2011). The organization of the human 
cerebellum estimated by intrinsic functional connectivity. Journal of neurophysiology, 106(5), 
2322–2345. 10.1152/jn.00339.2011 [PubMed: 21795627] 

Cabeza R (2002). Hemispheric asymmetry reduction in older adults: The HAROLD model. 
Psychology and Aging, 17(1), 85–100. 10.1037/0882-7974.17.1.85 [PubMed: 11931290] 

Cabeza R, Anderson ND, Locantore JK, & McIntosh AR (2002). Aging gracefully: Compensatory 
brain activity in high-performing older adults. Neuroimage, 17(3), 1394–1402. 10.1006/
nimg.2002.1280 [PubMed: 12414279] 

Carlson SM, Zelazo PD, & Faja S (2013). Executive function. In The Oxford Handbook of 
Developmental Psychology, Vol. 1: Body and Mind. Oxford University Press. 10.1093/oxfordhb/
9780199958450.013.0025

Carp J, Park J, Hebrank A, Park DC, & Polk TA (2011). Age-related neural dedifferentiation in the 
motor system. PloS one, 6(12), e29411. 10.1371/journal.pone.0029411 [PubMed: 22216274] 

Chapko D, McCormack R, Black C, Staff R, & Murray A (2018). Life-course determinants of 
cognitive reserve (CR) in cognitive aging and dementia–a systematic literature review. Aging & 
mental health, 22(8), 921–932. 10.1080/13607863.2017.1348471

Chen SA, & Desmond JE (2005). Temporal dynamics of cerebro-cerebellar network 
recruitment during a cognitive task. Neuropsychologia, 43(9), 1227–1237. 10.1016/
j.neuropsychologia.2004.12.015 [PubMed: 15949507] 

Cheng C-H, Tsai H-Y, & Cheng H-N (2019). The effect of age on N2 and P3 components: A 
meta-analysis of Go/Nogo tasks. Brain and Cognition, 135, 103574. 10.1016/j.bandc.2019.05.012 
[PubMed: 31200173] 

Clark SV, King TZ, & Turner JA (2020). Cerebellar contributions to proactive and reactive control in 
the stop signal task: A systematic review and meta-analysis of functional magnetic resonance 
imaging studies. Neuropsychology review, 1–24. 10.1007/s11065-020-09432-w [PubMed: 
32036490] 

Cohen MX (2014). Analyzing neural time series data: theory and practice: MIT Press.

Collette F, Van der Linden M, & Salmon E (1999). Executive dysfunction in Alzheimer’s disease. 
Cortex, 35(1), 57–72. 10.1016/S0010-9452(08)70785-8 [PubMed: 10213534] 

Davis SW, Dennis NA, Daselaar SM, Fleck MS, & Cabeza R (2008). Que PASA? The posterior–
anterior shift in aging. Cerebral Cortex, 18(5), 1201–1209. 10.1093/cercor/bhm155 [PubMed: 
17925295] 

Deary IJ, Corley J, Gow AJ, Harris SE, Houlihan LM, Marioni RE, … Starr JM (2009). Age-
associated cognitive decline. British medical bulletin, 92(1), 135–152. 10.1093/bmb/ldp033 
[PubMed: 19776035] 

Elverman KH, Paitel ER, Figueroa CM, McKindles RJ, & Nielson KA (2021). Event-Related 
Potentials, Inhibition, and Risk for Alzheimer’s Disease Among Cognitively Intact Elders. Journal 
of Alzheimer’s Disease, 80(4), 1413–1428. 10.3233/JAD-201559

Paitel and Nielson Page 16

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Enriquez-Geppert S, Konrad C, Pantev C, & Huster RJ (2010). Conflict and inhibition differentially 
affect the N200/P300 complex in a combined go/nogo and stop-signal task. Neuroimage, 51(2), 
877–887. 10.1016/j.neuroimage.2010.02.043 [PubMed: 20188191] 

Fedorenko E, Duncan J, & Kanwisher N (2013). Domain-general regions in the human brain. 
Proceedings of the National Academy of Sciences, 110, 16616–16621. 10.1073/pnas.1315235110

Filip P, Gallea C, Lehéricy S, Lungu O, & Bareš M (2019). Neural scaffolding as the 
foundation for stable performance of aging cerebellum. The Cerebellum, 18(3), 500–510. 10.1007/
s12311-019-01015-7 [PubMed: 30827012] 

Franklin GL, Camargo CHF, Meira AT, Lima NS, & Teive HA (2021). The role of the cerebellum 
in Huntington’s disease: A systematic review. The Cerebellum, 20(2), 254–265. 10.1007/
s12311-020-01198-4 [PubMed: 33029762] 

Gellersen HM, Guell X, & Sami S (2021). Differential vulnerability of the cerebellum in healthy 
ageing and Alzheimer’s disease. NeuroImage: Clinical, 30, 102605. 10.1016/j.nicl.2021.102605 
[PubMed: 33735787] 

Genin E, Hannequin D, Wallon D, Sleegers K, Hiltunen M, Combarros O, … Berr C (2011). APOE 
and Alzheimer disease: a major gene with semi-dominant inheritance. Molecular psychiatry, 16(9), 
903–907. 10.1038/mp.2011.52 [PubMed: 21556001] 

Gramfort A, Papadopoulo T, Olivi E, & Clerc M (2010). OpenMEEG: opensource 
software for quasistatic bioelectromagnetics. Biomedical engineering online, 9(1), 1–20. 
10.1186/1475-925X-9-45 [PubMed: 20051137] 

Gramfort A, Papadopoulo T, Olivi E, & Clerc M (2011). Forward field computation with OpenMEEG. 
Computational Intelligence and Neuroscience, 2011. 10.1155/2011/923703

Grech R, Cassar T, Muscat J, Camilleri KP, Fabri SG, Zervakis M, … Vanrumste B (2008). 
Review on solving the inverse problem in EEG source analysis. Journal of neuroengineering and 
rehabilitation, 5(1), 1–33. 10.1186/1743-0003-5-25 [PubMed: 18171465] 

Greicius MD, Srivastava G, Reiss AL, & Menon V (2004). Default-mode network activity 
distinguishes Alzheimer’s disease from healthy aging: evidence from functional MRI. Proceedings 
of the National Academy of Sciences, 101(13), 4637–4642. 10.1073/pnas.0308627101

Guo CC, Tan R, Hodges JR, Hu X, Sami S, & Hornberger M (2016). Network-selective vulnerability 
of the human cerebellum to Alzheimer’s disease and frontotemporal dementia. Brain, 139(5), 
1527–1538. 10.1093/brain/aww003 [PubMed: 26912642] 

Habas C (2021). Functional connectivity of the cognitive cerebellum. Frontiers in Systems 
Neuroscience, 15, 642225. 10.3389/fnsys.2021.642225 [PubMed: 33897382] 

Halko MA, Farzan F, Eldaief MC, Schmahmann JD, & Pascual-Leone A (2014). Intermittent theta-
burst stimulation of the lateral cerebellum increases functional connectivity of the default network. 
Journal of Neuroscience, 34(36), 12049–12056. 10.1523/JNEUROSCI.1776-14.2014 [PubMed: 
25186750] 

Hämäläinen MS, & Ilmoniemi RJ (1994). Interpreting magnetic fields of the brain: minimum norm 
estimates. Medical & biological engineering & computing, 32, 35–42. 10.1007/BF02512476 
[PubMed: 8182960] 

Han SD, & Bondi MW (2008). Revision of the apolipoprotein E compensatory mechanism recruitment 
hypothesis. Alzheimer’s & Dementia, 4(4), 251–254. 10.1016/j.jalz.2008.02.006

Han SD, Houston WS, Jak AJ, Eyler LT, Nagel BJ, Fleisher AS, … Thal LJ (2007). Verbal 
paired-associate learning by APOE genotype in non-demented older adults: fMRI evidence of 
a right hemispheric compensatory response. Neurobiology of aging, 28(2), 238–247. 10.1016/
j.neurobiolaging.2005.12.013 [PubMed: 16434125] 

Harrington MG, Chiang J, Pogoda JM, Gomez M, Thomas K, Marion SD, … Zhou F (2013). 
Executive function changes before memory in preclinical Alzheimer’s pathology: a prospective, 
cross-sectional, case control study. PloS one, 8(11), e79378. 10.1371/journal.pone.0079378 
[PubMed: 24260210] 

Hayes AF (2022). Introduction to Mediation, Moderation, and Conditional Process Analysis: A 
Regression-Based Approach (Third Edition ed.): Guilford Press.

Paitel and Nielson Page 17

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Heslin K, Shaffer JJ, Powers A, Andreasen N, & Parker K (2020). The Cerebellum in Psychosis. 
In Psychotic Disorders: Comprehensive Conceptualization and Treatments (pp. 388–396). Oxford 
University Press.

Hodgkin AL, & Huxley AF (1952). A quantitative description of membrane current and its 
application to conduction and excitation in nerve. The Journal of physiology, 117(4), 500. 
10.1113/jphysiol.1952.sp004764 [PubMed: 12991237] 

Hoxha E, Lippiello P, Zurlo F, Balbo I, Santamaria R, Tempia F, & Miniaci MC (2018). The 
emerging role of altered cerebellar synaptic processing in Alzheimer’s disease. Frontiers in aging 
neuroscience, 10, 396. 10.3389/fnagi.2018.00396 [PubMed: 30542279] 

Huster RJ, Enriquez-Geppert S, Lavallee CF, Falkenstein M, & Herrmann CS (2013). 
Electroencephalography of response inhibition tasks: Functional networks and cognitive 
contributions. International Journal of Psychophysiology, 87(3), 217–233. 10.1016/
j.ijpsycho.2012.08.001 [PubMed: 22906815] 

Huster RJ, Messel MS, Thunberg C, & Raud L (2020). The P300 as marker of inhibitory control–fact 
or fiction? Cortex, 132, 334–348. 10.1016/j.cortex.2020.05.021 [PubMed: 33017748] 

Ito M (2008). Control of mental activities by internal models in the cerebellum. Nature reviews 
neuroscience, 9(4), 304–313. 10.1038/nrn2332 [PubMed: 18319727] 

Jack CR Jr, Lowe VJ, Weigand SD, Wiste HJ, Senjem ML, Knopman DS, … Kemp BJ (2009). Serial 
PIB and MRI in normal, mild cognitive impairment and Alzheimer’s disease: implications for 
sequence of pathological events in Alzheimer’s disease. Brain, 132(5), 1355–1365. 10.1093/brain/
awp062 [PubMed: 19339253] 

Jacobs HI, Hopkins DA, Mayrhofer HC, Bruner E, van Leeuwen FW, Raaijmakers W, & Schmahmann 
JD (2018). The cerebellum in Alzheimer’s disease: evaluating its role in cognitive decline. Brain, 
141(1), 37–47. 10.1093/brain/awx257 [PubMed: 29053771] 

Jefferson AL, Paul RH, Ozonoff A, & Cohen RA (2006). Evaluating elements of executive 
functioning as predictors of instrumental activities of daily living (IADLs). Archives of clinical 
neuropsychology, 21(4), 311–320. 10.1016/j.acn.2006.03.007 [PubMed: 16814980] 

Jernigan TL, Archibald SL, Fennema-Notestine C, Gamst AC, Stout JC, Bonner J, & Hesselink JR 
(2001). Effects of age on tissues and regions of the cerebrum and cerebellum. Neurobiology of 
aging, 22(4), 581–594. 10.1016/S0197-4580(01)00217-2 [PubMed: 11445259] 

Jurica PJ, Leitten CL, & Mattis S (2001). Dementia Rating Scale-2: DRS-2: Professional Manual: 
Psychological Assessment Resources.

Kaiser A, Kuhlmann BG, & Bosnjak M (2018). A meta-analysis of inhibitory-control deficits 
in patients diagnosed with Alzheimer’s dementia. Neuropsychology, 32(5), 615. 10.1037/
neu0000460 [PubMed: 29745708] 

Kaur C, Singh P, Bisht A, Joshi G, & Agrawal S (2022). Recent Developments in Spatio-Temporal 
EEG Source Reconstruction Techniques. Wireless Personal Communications, 122(2), 1531–1558. 
10.1007/s11277-021-08960-9

King M, Hernandez-Castillo CR, Poldrack RA, Ivry RB, & Diedrichsen J (2019). Functional 
boundaries in the human cerebellum revealed by a multi-domain task battery. Nature neuroscience, 
22(8), 1371–1378. 10.1038/s41593-019-0436-x [PubMed: 31285616] 

Krienen FM, & Buckner RL (2009). Segregated fronto-cerebellar circuits revealed by intrinsic 
functional connectivity. Cerebral Cortex, 19(10), 2485–2497. 10.1093/cercor/bhp135 [PubMed: 
19592571] 

Kuo C-Y, Lee P-L, Hung S-C, Liu L-K, Lee W-J, Chung C-P, … Chen L-K (2020). Large-scale 
structural covariance networks predict age in middle-to-late adulthood: A novel brain aging 
biomarker. Cerebral Cortex, 30(11), 5844–5862. 10.1093/cercor/bhaa161 [PubMed: 32572452] 

Lin F-H, Witzel T, Ahlfors SP, Stufflebeam SM, Belliveau JW, & Hämäläinen MS (2006). Assessing 
and improving the spatial accuracy in MEG source localization by depth-weighted minimum-norm 
estimates. Neuroimage, 31(1), 160–171. 10.1016/j.neuroimage.2005.11.054 [PubMed: 16520063] 

Logan GD (1994). On the ability to inhibit thought and action: A users’ guide to the stop signal 
paradigm. In Dagenbach D, & Carr TH (Ed.), Inhibitory Processes in Attention, Memory, and 
Language (pp. 189–239): Academic Press.

Paitel and Nielson Page 18

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Logan GD, & Cowan WB (1984). On the ability to inhibit thought and action: A theory of an act of 
control. Psychological review, 91(3), 295. 10.1037/0033-295X.91.3.295

Loy CT, Schofield PR, Turner AM, & Kwok JB (2014). Genetics of dementia. The Lancet, 383(9919), 
828–840. 10.1016/S0140-6736(13)60630-3

Luck SJ (2014). An Introduction to the Event-Related Potential Technique: MIT Press.

Mahjoory K, Nikulin VV, Botrel L, Linkenkaer-Hansen K, Fato MM, & Haufe S (2017). Consistency 
of EEG source localization and connectivity estimates. Neuroimage, 152, 590–601. 10.1016/
j.neuroimage.2017.02.076 [PubMed: 28300640] 

Mannarelli D, Pauletti C, Petritis A, Delle Chiaie R, Currà A, Trompetto C, & Fattapposta F (2020). 
Effects of cerebellar tDCS on inhibitory control: evidence from a Go/NoGo task. The Cerebellum, 
19(6), 788–798. 10.1007/s12311-020-01165-z [PubMed: 32666284] 

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH, … Mayeux R (2011). 
The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National 
Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s 
disease. Alzheimer’s & Dementia, 7(3), 263–269. 10.1016/j.jalz.2011.03.005

Mevel K, Chételat G, Eustache F, & Desgranges B (2011). The default mode network in 
healthy aging and Alzheimer’s disease. International journal of Alzheimer’s disease, 2011. 
10.4061/2011/535816

Michel CM, & Brunet D (2019). EEG source imaging: a practical review of the analysis steps. 
Frontiers in neurology, 10, 325. 10.3389/fneur.2019.00325 [PubMed: 31019487] 

Michel CM, & Murray MM (2012). Towards the utilization of EEG as a brain imaging tool. 
Neuroimage, 61(2), 371–385. 10.1016/j.neuroimage.2011.12.039 [PubMed: 22227136] 

Miller EK (2000). The prefontral cortex and cognitive control. Nature reviews neuroscience, 1(1), 
59–65. 10.1038/35036228 [PubMed: 11252769] 

Minichino A, Bersani FS, Trabucchi G, Albano G, Primavera M, Delle Chiaie R, & Biondi M (2014). 
The role of cerebellum in unipolar and bipolar depression: a review of the main neurobiological 
findings. Rivista di psichiatria, 49(3), 124–131. 10.1708/1551.16907 [PubMed: 25000888] 

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, & Wager TD (2000). The unity 
and diversity of executive functions and their contributions to complex “frontal lobe” tasks: A 
latent variable analysis. Cognitive psychology, 41(1), 49–100. 10.1006/cogp.1999.0734 [PubMed: 
10945922] 

Moreno-Rius J (2018). The cerebellum in fear and anxiety-related disorders. Progress in 
Neuro-Psychopharmacology and Biological Psychiatry, 85, 23–32. 10.1016/j.pnpbp.2018.04.002 
[PubMed: 29627508] 

Munakata Y, Herd SA, Chatham CH, Depue BE, Banich MT, & O’Reilly RC (2011). A unified 
framework for inhibitory control. Trends in cognitive sciences, 15(10), 453–459. 10.1016/
j.tics.2011.07.011 [PubMed: 21889391] 

Naccarato M, Calautti C, Jones PS, Day DJ, Carpenter T, & Baron J-C (2006). Does healthy aging 
affect the hemispheric activation balance during paced index-to-thumb opposition task? An fMRI 
study. Neuroimage, 32(3), 1250–1256. 10.1016/j.neuroimage.2006.05.003 [PubMed: 16806984] 

Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, & Carter CS (2012). Meta-analytic evidence 
for a superordinate cognitive control network subserving diverse executive functions. Cognitive, 
Affective, & Behavioral Neuroscience, 12(2), 241–268. 10.3758/s13415-011-0083-5

O’Connor MK, & Boyle PA (2007). Executive dysfunction in Alzheimer’s disease. In Sun M-K 
(Ed.), Research Progress in Alzheimer’s Disease and Dementia (Vol. 1, pp. 25–38): Nova Science 
Publishers, Inc.

Pagen LH, van de Ven VG, Gronenschild EH, Priovoulos N, Verhey FR, & Jacobs HI (2020). 
Contributions of cerebro-cerebellar default mode connectivity patterns to memory performance in 
mild cognitive impairment. Journal of Alzheimer’s Disease, 75(2), 633–647. 10.3233/JAD-191127

Paitel ER, & Nielson KA (2021). Temporal Dynamics of Event-Related Potentials during Inhibitory 
Control Characterize Age-Related Neural Compensation. Symmetry, 13(12), 2323. 10.3390/
sym13122323 [PubMed: 35923222] 

Paitel and Nielson Page 19

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Palmer JA, Makeig S, Kreutz-Delgado K, & Rao BD (2008). Newton method for the ICA mixture 
model. 2008 IEEE International Conference on Acoustics, Speech and Signal Processing, 1805–
1808. 10.1109/ICASSP.2008.4517982

Park DC, & Reuter-Lorenz P (2009). The adaptive brain: aging and neurocognitive scaffolding. Annu 
Rev Psychol, 60, 173–196. 10.1146/annurev.psych.59.103006.093656 [PubMed: 19035823] 

Patel SH, & Azzam PN (2005). Characterization of N200 and P300: selected studies of the Event-
Related Potential. International Journal of Medical Sciences, 2(4), 147–154. 10.7150/ijms.2.147 
[PubMed: 16239953] 

Peterburs J, & Desmond JE (2016). The role of the human cerebellum in performance monitoring. 
Current opinion in neurobiology, 40, 38–44. 10.1016/j.conb.2016.06.011 [PubMed: 27372055] 

Pires L, Leitão J, Guerrini C, & Simões MR (2014). Event-related brain potentials in the study of 
inhibition: Cognitive control, source localization and age-related modulations. Neuropsychology 
review, 24(4), 461–490. 10.1007/s11065-014-9275-4 [PubMed: 25407470] 

Rahman A, Schelbaum E, Hoffman K, Diaz I, Hristov H, Andrews R, … Sarva H (2020). Sex-driven 
modifiers of Alzheimer risk: a multimodality brain imaging study. Neurology, 95(2), e166–e178. 
10.1212/WNL.0000000000009781 [PubMed: 32580974] 

Rajan KB, Barnes LL, Wilson RS, McAninch EA, Weuve J, Sighoko D, & Evans DA (2017). 
Racial differences in the association between apolipoprotein E risk alleles and overall and total 
cardiovascular mortality over 18 years. Journal of the American Geriatrics Society, 65(11), 2425–
2430. 10.1111/jgs.15059 [PubMed: 28898389] 

Rao SM, Bonner-Jackson A, Nielson KA, Seidenberg M, Smith JC, Woodard JL, & Durgerian 
S (2015). Genetic risk for Alzheimer’s disease alters the five-year trajectory of semantic 
memory activation in cognitively intact elders. Neuroimage, 111, 136–146. 10.1016/
j.neuroimage.2015.02.011 [PubMed: 25687593] 

Reuter-Lorenz PA, & Cappell KA (2008). Neurocognitive aging and the compensation hypothesis. 
Current Directions in Psychological Science, 17(3), 177–182. 10.1111/j.1467-8721.2008.00570.x

Reuter-Lorenz PA, & Park DC (2014). How does it STAC up? Revisiting the scaffolding theory 
of aging and cognition. Neuropsychology review, 24(3), 355–370. 10.1007/s11065-014-9270-9 
[PubMed: 25143069] 

Riedel BC, Thompson PM, & Brinton RD (2016). Age, APOE and sex: Triad of risk of Alzheimer’s 
disease. The Journal of steroid biochemistry and molecular biology, 160, 134–147. 10.1016/
j.jsbmb.2016.03.012 [PubMed: 26969397] 

Rodríguez-Aranda C, & Sundet K (2006). The frontal hypothesis of cognitive aging: factor structure 
and age effects on four frontal tests among healthy individuals. The Journal of genetic 
psychology, 167(3), 269–287. 10.3200/GNTP.167.3.269-287 [PubMed: 17278416] 

Roldán-Tapia MD, Cánovas R, León I, & García-Garcia J (2017). Cognitive vulnerability in aging may 
be modulated by education and reserve in healthy people. Frontiers in aging neuroscience, 9, 340. 
10.3389/fnagi.2017.00340 [PubMed: 29118710] 

Rolls ET, Huang C-C, Lin C-P, Feng J, & Joliot M (2020). Automated anatomical labelling atlas 3. 
Neuroimage, 206, 116189. 10.1016/j.neuroimage.2019.116189 [PubMed: 31521825] 

Rubia K, Russell T, Overmeyer S, Brammer MJ, Bullmore ET, Sharma T, … Andrew CM (2001). 
Mapping motor inhibition: Conjunctive brain activations across different versions of go/no-go 
and stop tasks. Neuroimage, 13(2), 250–261. 10.1006/nimg.2000.0685 [PubMed: 11162266] 

Salthouse TA, Atkinson TM, & Berish DE (2003). Executive functioning as a potential mediator of 
age-related cognitive decline in normal adults. Journal of Experimental Psychology: General, 
132(4), 566. 10.1037/0096-3445.132.4.566 [PubMed: 14640849] 

Samuelsson JG, Sundaram P, Khan S, Sereno MI, & Hämäläinen MS (2020). Detectability of 
cerebellar activity with magnetoencephalography and electroencephalography. Human brain 
mapping, 41(9), 2357–2372. 10.1002/hbm.24951 [PubMed: 32115870] 

Scharre DW, Weichart E, Nielson D, Zhang J, Agrawal P, Sederberg PB, … Initiative, A. s. D. N. 
(2018). Deep brain stimulation of frontal lobe networks to treat Alzheimer’s disease. Journal of 
Alzheimer’s Disease, 62(2), 621–633. 10.3233/JAD-170082

Paitel and Nielson Page 20

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheller E, Schumacher LV, Peter J, Lahr J, Wehrle J, Kaller CP, … Klöppel S (2018). Brain aging and 
APOE ε4 interact to reveal potential neuronal compensation in healthy older adults. Frontiers in 
aging neuroscience, 10, 74. 10.3389/fnagi.2018.00074 [PubMed: 29615896] 

Schmahmann JD (2019). The cerebellum and cognition. Neuroscience letters, 688, 62–75. 10.1016/
j.neulet.2018.07.005 [PubMed: 29997061] 

Schmahmann JD, Doyon J, McDonald D, Holmes C, Lavoie K, Hurwitz AS, … Petrides M 
(1999). Three-dimensional MRI atlas of the human cerebellum in proportional stereotaxic space. 
Neuroimage, 10(3), 233–260. 10.1006/nimg.1999.0459 [PubMed: 10458940] 

Schmahmann JD, Guell X, Stoodley CJ, & Halko MA (2019). The theory and neuroscience 
of cerebellar cognition. Annual review of neuroscience, 42, 337–364. 10.1146/annurev-
neuro-070918-050258

Seo EH, Kim H, Lee KH, & Choo I (2016). Altered executive function in pre-mild cognitive 
impairment. Journal of Alzheimer’s Disease, 54(3), 933–940. 10.3233/JAD-160052

Simic G, Babic M, Borovecki F, & Hof PR (2014). Early failure of the default‐mode network and 
the pathogenesis of Alzheimer’s disease. CNS neuroscience & therapeutics, 20(7), 692. 10.1111/
cns.12260 [PubMed: 24712393] 

Slotnick SD (2017). fMRI versus ERPs. In Cognitive Neuroscience of Memory: Cambridge University 
Press.

Sokolov AA, Miall RC, & Ivry RB (2017). The cerebellum: adaptive prediction for movement and 
cognition. Trends in cognitive sciences, 21(5), 313–332. 10.1016/j.tics.2017.02.005 [PubMed: 
28385461] 

Stern Y (2002). What is cognitive reserve? Theory and research application of the reserve 
concept. Journal of the international neuropsychological society, 8(3), 448–460. 10.1017/
S1355617702813248 [PubMed: 11939702] 

Stoodley CJ, Desmond JE, Guell X, & Schmahmann JD (2021). Functional topography of the human 
cerebellum revealed by functional neuroimaging studies. In Handbook of the Cerebellum and 
Cerebellar Disorders (pp. 797–833): Springer.

Stoodley CJ, & Schmahmann JD (2009). Functional topography in the human cerebellum: 
a meta-analysis of neuroimaging studies. Neuroimage, 44(2), 489–501. 10.1016/
j.neuroimage.2008.08.039 [PubMed: 18835452] 

Stoodley CJ, Valera EM, & Schmahmann JD (2012). Functional topography of the cerebellum 
for motor and cognitive tasks: an fMRI study. Neuroimage, 59(2), 1560–1570. 10.1016/
j.neuroimage.2011.08.065 [PubMed: 21907811] 

Sugarman MA, Woodard JL, Nielson KA, Seidenberg M, Smith JC, Durgerian S, & Rao SM (2012). 
Functional magnetic resonance imaging of semantic memory as a presymptomatic biomarker of 
Alzheimer’s disease risk. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 
1822(3), 442–456. 10.1016/j.bbadis.2011.09.016 [PubMed: 21996618] 

Sweeney JA, Rosano C, Berman RA, & Luna B (2001). Inhibitory control of attention declines 
more than working memory during normal aging. Neurobiology of aging, 22(1), 39–47. 10.1016/
S0197-4580(00)00175-5 [PubMed: 11164275] 

Tadel F, Baillet S, Mosher JC, Pantazis D, & Leahy RM (2011). Brainstorm: A user-
friendly application for MEG/EEG analysis. Computational Intelligence and Neuroscience. 
10.1155/2011/879716

Tadel F, Bock E, Mosher JC, Leahy R, & Baillet S (2021, 03/09/2021). Tutorial 20: Head modeling. 
Retrieved from https://neuroimage.usc.edu/brainstorm/Tutorials/HeadModel

Tadel F, Bock E, Niso G, Mosher JC, Cousineau M, Pantazis D, … Baillet S (2019). MEG/EEG group 
analysis with brainstorm. Frontiers in neuroscience, 76. 10.3389/fnins.2019.00076

Torres E, & Beardsley S (2019). Cerebellar source localization using event-related potentials in a 
simple motor task. Paper presented at the 2019 9th International IEEE/EMBS Conference on 
Neural Engineering. 10.1109/NER.2019.8716916

Treitz FH, Heyder K, & Daum I (2007). Differential course of executive control 
changes during normal aging. Aging, Neuropsychology, and Cognition, 14(4), 370–393. 
10.1080/13825580600678442

Paitel and Nielson Page 21

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://neuroimage.usc.edu/brainstorm/Tutorials/HeadModel


Tseng Y. w., Diedrichsen J, Krakauer JW, Shadmehr R, & Bastian AJ (2007). Sensory prediction errors 
drive cerebellum-dependent adaptation of reaching. Journal of neurophysiology, 98(1), 54–62. 
10.1152/jn.00266.2007 [PubMed: 17507504] 

Verhaeghen P, & Salthouse TA (1997). Meta-analyses of age–cognition relations in adulthood: 
Estimates of linear and nonlinear age effects and structural models. Psychological bulletin, 
122(3), 231. 10.1037/0033-2909.122.3.231 [PubMed: 9354147] 

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, … Maruff P (2013). 
Amyloid β deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer’s 
disease: a prospective cohort study. The Lancet Neurology, 12(4), 357–367. 10.1016/
S1474-4422(13)70044-9 [PubMed: 23477989] 

Votruba KL, Rapport LJ, Vangel SJ Jr, Hanks RA, Lequerica A, Whitman RD, & Langenecker S 
(2008). Impulsivity and traumatic brain injury: The relations among behavioral observation, 
performance measures, and rating scales. The Journal of Head Trauma Rehabilitation, 23(2), 
65–73. 10.1196/annals.1379.009 [PubMed: 18362760] 

Wu T, & Hallett M (2013). The cerebellum in Parkinson’s disease. Brain, 136(3), 696–709. 10.1093/
brain/aws360 [PubMed: 23404337] 

Paitel and Nielson Page 22

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Impact statement:

This study details the first application of EEG cerebellar source localization to aging 

and genetic risk for Alzheimer’s disease (AD). The results demonstrate age-related 

compensatory recruitment in cognitive regions of the cerebellum during inhibitory 

control, which may be already depleted in healthy, cognitively intact elders with genetic 

risk for AD.
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Figure 1. 
Data processing steps for source localization. a) Adaptive integration volume model (total 

15,979 grid points; via OpenMEEG (Gramfort et al., 2010)); b) Three layers of realistic head 

models: inner skull, outer skull, and scalp; c) Model EEG sensor locations (represented by 

white/teal dots); d) AAL3 atlas showing cerebellar regions of interest (Rolls et al., 2020).

Paitel and Nielson Page 24

Psychophysiology. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cerebellar source activity by APOE ε4 group in left hemisphere sagittal sections (section 

shown = X coordinate); ROI outlines based on coordinates from AAL3 atlas (Rolls et al., 

2020; Schmahmann et al., 1999). Maps show z-score activity increase from pre-stimulus 

baseline period, averaged over the P300 window (330 to 550ms in this older sample). ε4 

groups are contrasted by age percentiles, with greater activity in younger age (age < 33.33rd 

percentile; 72–77 years) shown in pink and greater activity in older age (age > 66.66th 

percentile; 82–89 years) in blue. Within ε4-, cerebellar activity was overall greater in older 

participants. ε4+ showed patterns of greater activity in the younger participants, though 

these were not statistically significant (see Table 3).
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Figure 3. 
Moderation analysis plots showing the significant Age*APOE interactions, with cerebellar 

source activity (z-score normalized relative to the pre-stimulus baseline period) plotted by 

gene group at age points -1SD (74.79 years), mean (79.52 years), and +1SD (84.25 years) 

with education covaried (i.e., simple-slopes analysis, via PROCESS (Hayes, 2022)). Older 

age predicted greater cerebellar activity, which was significant only in ε4- (blue dots). 

ε4+ (red dots) did not show greater activity with older age. ε4- had trending patterns of 

greater cerebellar activity than ε4+, only in the oldest participants. The findings suggest that 

age-related cerebellar compensatory capacity may have already been depleted in ε4+.
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Figure 4. 
A theoretical model of differing neural aging trajectories in middle age to older adulthood by 

APOE ε4. Due to earlier neural deficits, compensatory resources are recruited earlier in ε4+ 

(red line) vs. ε4- (blue line). Because ε4+ recruit these resources earlier, there is a period 

in the younger stage of older age where brain activity and connectivity are greater in ε4+ 

vs. ε4-. Just as compensatory resources are recruited earlier in ε4+, they are also depleted 

earlier. These earlier decreases in brain activity/connectivity then result in greater activity 

in ε4- vs. ε4+ during the older stage of older age. Thus, by targeting healthy ε4 carriers 

during early stages of older adulthood, neuroimaging research may capture early stages of 

compensatory brain activation in ε4+, which may be indicative of risk for future decline. 

As this theoretical model is intended to guide hypotheses for future research, it should be 

noted that the actual trajectories of brain activity and connectivity patterns are expected to 

vary by sample characteristics and ‘reserve’ or resilience factors (e.g., sex, education, health, 

fitness, etc.), and by brain region(s), context(s) (e.g., task type, resting state), and temporal 

component(s) of interest.
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Table 1.

Demographics by APOE ε4 group (mean(SD))

APOE ε4+ (n=20) APOE ε4− (n=25) t(p)^

Age 78.90 (4.54) 80.19 (4.89) .906(.370)

Education 15.70 (2.43) 13.96 (1.84) −2.737(.009)

Sex (%female) 80.00% 68.00% .818(.366)

DRS 137.90 (3.39) 138.88 (2.89) 1.047 (.301)

Note.

^
for sex comparison, the statistic is X2; bold: p < .05.
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Table 2.

Stop-signal task performance metrics by APOE ε4 group (mean(SD))

APOE ε4+ (n=20) APOE ε4− (n=25) t(p)

Stop-signal reaction time (SSRT; ms) 548.23 (27.21) 539.87 (39.34) −0.807 (0.424)

% correct inhibitory trials (PCIT) 72.92 (14.53) 76.11 (9.28) 0.896 (0.375)

% correct target trials (PCTT) 98.21 (3.70) 98.86 (1.38) 0.818 (0.418)
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Table 3.

Cerebellar source analysis moderation models

R2 MSE F p R2 MSE F p

L crus I 0.165 91.473 1.9683 0.118 R crus I 0.019 150.384 0.659 0.624

coeff SE t p coeff SE t p

Age 0.809 0.406 1.992 0.053 Age 0.673 0.521 1.292 0.204

APOE 72.956 51.422 1.419 0.164 APOE 29.966 65.933 0.455 0.652

Age*APOE −0.934 0.643 −1.453 0.154 Age*APOE −0.401 0.824 −0.486 0.630

Education −1.249 0.707 −1.767 0.085 Education 0.4987 0.906 0.550 0.585

R2 MSE F p R2 MSE F p

L crus II 0.237 98.080 3.098 0.026 R crus II 0.108 141.395 1.208 0.323

coeff SE t p coeff SE t p

Age 1.241 0.421 2.951 0.005 Age 0.939 0.505 1.861 0.070

APOE 106.199 53.247 1.995 0.053 APOE 68.108 63.932 1.065 0.293

Age*APOE −1.362 0.666 −2.046 0.047 Age*APOE −0.896 0.799 −1.122 0.269

Education −1.132 0.732 −1.547 0.130 Education 0.325 0.879 0.396 0.694

Follow-up contrasts

effect SE t p

ε4- 1.241 0.421 2.951 0.005

ε4+ −0.1209 0.5052 −0.239 0.900

Age -1SD 4.217 4.640 0.909 0.369

Age mean −2.224 3.258 −0.683 0.499

Age +1SD −8.665 4.419 −1.961 0.057

R2 MSE F p R2 MSE F p

L VIIb 0.224 59.121 2.878 0.035 R VIIb 0.120 140.387 1.363 0.264

coeff SE t p coeff SE t p

Age 0.984 0.327 3.014 0.005 Age 1.008 0.503 2.004 0.052

APOE 98.668 41.340 2.387 0.022 APOE 90.269 63.704 1.417 0.164

Age*APOE −1.248 0.517 −2.415 0.020 Age*APOE −1.171 0.796 −1.470 0.149

Education −0.861 0.568 −1.516 0.137 Education 0.433 0.876 0.494 0.624

Follow-up contrasts

effect SE t p

ε4- 0.984 0.327 3.014 0.005

ε4+ −0.264 0.3923 −0.673 0.505

Age -1SD 5.202 3.602 1.444 0.157

Age mean −0.701 2.530 −0.277 0.778

Age +1SD −6.604 3.431 −1.925 0.061

Note. coeff = coefficient; Bold: p < .05; italics: p = .055-.080.
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