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Abstract

People with HIV (PWH) often develop HIV-related neurological impairments known as HIV-

associated neurocognitive disorder (HAND), but cognitive dysfunction in older PWH may also be 

due to age-related disorders such as Alzheimer's disease (AD). Discerning these two conditions 

is challenging since the specific neural characteristics are not well understood and limited 

studies have probed HAND and AD spectrum (ADS) directly. We examined the neural dynamics 

underlying motor processing during cognitive interference using magnetoencephalography (MEG) 
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in 22 biomarker-confirmed patients on the ADS, 22 older participants diagnosed with HAND, 

and 30 healthy aging controls. MEG data were transformed into the time-frequency domain 

to examine movement-related oscillatory activity and the impact of cognitive interference on 

distinct stages of motor programming. Both cognitively impaired groups (ADS/HAND) performed 

significantly worse on the task (e.g., less accurate and slower reaction time) and exhibited 

reductions in frontal and cerebellar beta and parietal gamma activity relative to controls. Disease-

specific aberrations were also detected such that those with HAND exhibited weaker gamma 

interference effects than those on the ADS in frontoparietal and motor areas. Additionally, 

temporally distinct beta interference effects were identified, with ADS participants exhibiting 

stronger beta interference activity in the temporal cortex during motor planning, along with 

weaker beta interference oscillations dispersed across frontoparietal and cerebellar cortices during 

movement execution relative to those with HAND. These results indicate both overlapping and 

distinct neurophysiological aberrations in those with ADS disorders or HAND in key motor and 

top-down cognitive processing regions during cognitive interference and provide new evidence for 

distinct neuropathology.
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1. Introduction

Emergence of combination antiretroviral therapies (cARTs) have transformed a diagnosis of 

HIV from a death sentence to a manageable, chronic condition. However, many HIV-related 

comorbidities remain prevalent despite these recent advances in medicine, with cognitive 

and related neurological conditions such as HIV-related neurocognitive disorder (HAND) 

affecting between 30 and 70% of the entire HIV-infected population (Heaton et al., 2004; 

Namagga et al., 2019). Onset of impairments in PWH who develop HAND typically occurs 

in mid adulthood (e.g., thirties and forties), although the use of cART has also drastically 

increased life expectancy of PWH, and now the underlying cause of cognitive decline has 

become more ambiguous in PWH. For example, age-related neurological conditions such 

as Alzheimer's disease (AD) arise in late adulthood (Milanini and Valcour, 2017), and thus, 

may contribute to cognitive impairment, especially in PWH who first experience deficits in 

later adulthood. Therefore, identifying the pathological origin of cognitive dysfunction in 

older PWH and how this differs relative to those with other forms of dementia (e.g., AD) is 

critical.

Challenges arise when disentangling the root of cognitive impairment in older PWH because 

HAND and AD spectrum (ADS) disorders have similar phenotypes. For example, ADS 

and HAND are often characterized by deficits in functioning across multiple cognitive 

domains (e.g., visuospatial processing, attention, cognitive control) and these common 

deficits extend to motor control. Such dysfunction would likely be exacerbated by deficits in 

cognitive control and conflict resolution, although studies in this area are sparse. Cognitive 

testing and amyloid imaging using positron emission tomography (PET) have formulated 

a standard diagnostic criterion for ADS disorders. Meanwhile, PET studies examining 
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beta-amyloid deposition in PWH have shown amyloid levels similar to those found in 

cognitively unimpaired controls (Fulop et al., 2019; Howdle et al., 2020; Mohamed et al., 

2020). These findings suggest ADS and HAND are at least, in part, pathologically distinct. 

However, interestingly, several case studies have reported on older PWH who have hallmark 

ADS biomarkers (e.g., amyloid deposits and neurofibrillary tangles) and presented with 

cognitive impairment (Calcagno et al., 2021; Turner et al., 2016). Thus, it is likely that 

at least some cognitively impaired older PWH have ADS-like pathology and not HAND, 

which is intuitive since the prevalence of AD would not be expected to differ in older 

PWH. Identifying the unique neuropathological signatures of HAND and ADS is critical 

and may help inform new therapeutic methods aimed at the disease-specific features of each 

condition while simultaneously filling an expansive gap in the literature. Identifying such 

features using noninvasive measures would have an even broader impact.

Previous neuroimaging research in ADS and HAND populations individually have found 

common structural and functional aberrations in areas involved in attention, executive 

function, and sensory processing. For example, PWH and those with ADS tend to have 

diminished functional connectivity dispersed across the sensorimotor network (Becker et al., 

2013; Cai et al., 2017; du Plessis et al., 2017; Koelewijn et al., 2017; Thomas et al., 2013; 

Zhou et al., 2017). PWH also exhibit reductions in gray matter volumes in sensorimotor 

regions (Lew et al., 2021; Schantell et al., 2021; Zhou et al., 2017). While regional hyper-

activity in motor cortices is a critical feature of neuroHIV and ADS, movement-related 

neurological dysfunction in ADS appears to be more region dependent such that primary 

motor areas exhibit hyperexcitability while higher motor regions exhibit weaker activation 

(Albers et al., 2015; Vidoni et al., 2012; Wilson et al., 2013; Zhou et al., 2017). Though 

evidence from previous work suggests potential convergences and divergences in the neural 

aberrations serving motor control and processing in ADS and HAND (Casagrande et al., 

2022; Meehan et al., 2022, 2023), no neuroimaging research has directly compared the 

aberrant movement-related neurophysiological signatures of ADS and HAND.

Numerous magnetoencephalographic (MEG) studies have examined the aberrant neural 

dynamics in ADS and HAND independently. Utilization of MEG allows direct 

measurements and signal decomposition of neural activity into multiple frequency bands 

supporting cognition, including beta (15–30 Hz) and gamma (30+ Hz), which are key 

cortical oscillations for movement control and processing (Barone and Rossiter, 2021; 

Heinrichs-Graham et al., 2018a; Khanna and Carmena, 2015; Muthukumaraswamy, 2010; 

Wilson et al., 2011a; Wilson et al., 2014, 2016). Such oscillations reflect shifts in the local 

synchronization of neural population-level activity within a specific, band-limited frequency 

range (e.g., theta, beta, gamma; Buzsáki et al., 2012; Buzsáki and Schomburg, 2015). 

Unfortunately, to date, most MEG studies of ADS and HAND (separately) have utilized 

resting-state designs, and to date, none have investigated disease-specific movement-related 

oscillatory activity, or how stimuli and response conflict affects motor processing in the 

brain. Previous work from our lab has quantified the oscillatory dynamics during motor 

control and found that PWH exhibit weaker perimovement beta responses in the primary 

motor cortices and hyper-responsivity in supplementary motor and frontal regions (Wilson 

et al., 2013), but this work did not probe the movement-related gamma synchronization 

response. Such beta responses are widely thought to reflect motor planning-related neural 
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activity, while the movement-related gamma synchronization likely represents the movement 

execution signal (Wilson et al., 2016). While only one MEG study has probed motor 

processing in PWH, no MEG studies have examined the dynamic neural activity supporting 

motor control and processing in AD. Interestingly, however, an extensive number of studies 

have evaluated resting state EEG and MEG, which has shown that patients on the ADS 

exhibit weakened beta and stronger gamma activity (C. Huang et al., 2000; Koelewijn et al., 

2017; Stam et al., 2002; van Deursen et al., 2008; Wiesman et al., 2021).

Herein, we examined the impact of cognitive interference on movement-related oscillatory 

activity in participants on the ADS and those with HAND using MEG. This work builds on 

our recent study that examined oscillatory differences in cognitive control networks in an 

overlapping group of participants with HAND and those on the ADS, which revealed critical 

differences in theta oscillations across multiple higher-level brain regions between patients 

and controls, as well as disease-specific findings (Meehan et al., 2023). Given the limited 

literature on motor control, our hypotheses were broadly framed and included disparate 

neural dynamics in ADS versus HAND in key cognitive control and motor processing 

and attention areas (e.g., frontoparietal and supplementary motor cortices). Specifically, we 

anticipated that the ADS group would have abnormal gamma and beta responses compared 

to those with HAND in the context of cognitive interference relative to no interference in 

frontoparietal and association motor regions, and that both clinical groups would exhibit 

aberrant motor-related interference oscillations in parietal and motor areas.

2. Materials and methods

2.1. Participants

Thirty-one amyloid-positive patients on the ADS with amnestic mild cognitive impairment 

or mild AD, as determined by a fellowship-trained neurologist specializing in memory 

disorders, were enrolled in this study. In addition, 25 cognitively impaired PWH who were 

receiving effective combination antiretroviral therapy were enrolled to comprise the HAND 

group. Finally, a control group of 31 older adults with normal cognition (17 amyloid-

negative and 14 without PET) were also enrolled. Participants were between the ages of 51 

and 79 years old. The groups were matched on all key demographics except age (i.e., the 

HAND group was slightly younger than healthy controls and ADS patients); thus, age was 

included as a nuisance covariate in all statistical modeling. Note that the data reported here 

was included in a previous publication focused on cognitive control processing (Meehan 

et al., 2023). However, the data were completely reanalyzed for the current investigation. 

Briefly, in the earlier paper, the onset of the arrow stimuli was time zero, which enabled us 

to examine the brain dynamics involved in cognitive control and interference suppression. In 

contrast, the onset of the motor response is time zero in the current study, which enables us 

to evaluate how brain responses time-locked to the behavioral motor response (i.e., button 

press) are affected by cognitive interference. This early difference in the processing pipeline 

dramatically changes the oscillatory neural responses that can be reliably detected.

Exclusion criteria included any medical illness affecting CNS function, any neurological 

disorder (other than AD/aMCI/HAND), history of head trauma, and current substance 

abuse. The local Institutional Review Board reviewed and approved this investigation. 
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Written informed consent was obtained from each participant (and for ADS patients, 

from their informant, as well) following a detailed description of the study. In cases 

where a participant's capacity to consent was questionable, informed assent was obtained 

from the research participant, in addition to informed consent from a legally-authorized 

representative.

2.2. Neuropsychological testing

All participants underwent a battery of neuropsychological assessments, with raw scores 

for each participant being converted to demographically-adjusted z-scores using published 

normative data (Benedict et al., 1998; Brandt and Benedict, 2001; Heaton et al., 2004). This 

battery, which was developed in collaboration with a clinical neuropsychologist specializing 

in cognitive disorders, assessed multiple functional domains known to be impaired in 

patients with HAND and those on the AD spectrum (Table 1). Specifically, the cohort of 

PWH were assessed on the following cognitive domains per the Frascati criteria (Antinori 

et al., 2007): learning, memory, attention and executive function, motor, and processing 
speed. The ADS cohort completed a neuropsychological assessment that assessed: learning, 
memory, attention and executive function, language, and processing speed. In addition, 

we measured premorbid function and functional impairment in all participants, along 

with general cognitive status in the ADS group. Controls completed one of these two 

batteries depending on which patient cohort they were originally recruited with, although 

note that many assessments were included in both batteries (see Table 2). Using these 

assessments and the Lawton and Brody (1969) Activities of Daily Living (ADL), PWH 

were diagnosed with HAND according to the Frascati guidelines, including subgroups 

with asymptomatic neurocognitive impairment (ANI; i.e., having at least two cognitive 

domains one SD below the standardized mean, with no ADL deficits), mild neurocognitive 

disorder (MND; i.e., at least two cognitive domains one SD below the standardized mean, 

with ADL deficits), or HIV-associated dementia (HAD; i.e., having at least two cognitive 

domains two SDs below the standardized mean, with ADL deficits). Healthy controls were 

cognitively normal and did not meet the above criteria for neuropsychological impairment. 

For patients on the ADS, instrumental activities of daily living (IADLs) were measured 

(with an informant) using the Functional Activities Questionnaire (FAQ; Pfeffer et al., 

1982). In addition to the neuropsychological battery, general cognitive status was measured 

using the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005) and the Mini-

Mental State Examination (MMSE; Folstein et al., 1975). Finally, participants on the ADS 

completed the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) and the Quick 

Dementia Rating System (QDRS; Galvin, 2015) with an informant to better characterize 

clinical characteristics of ADS-specific impairment.

2.3. Florbetapir 18F positron emission tomography

Combined PET/CT data using 18F-florbetapir (Amyvid™, Eli Lilly) and a GE Discovery 

MI digital scanner (Waukesha, WI) were collected following the standard procedures 

described by the Society of Nuclear Medicine and Molecular Imaging (3D acquisition; 

single intravenous slow-bolus <10 mL; dose = 370 MBq; waiting period = 30–50 min; 

acquisition = 10 min; Minoshima et al., 2016). Images were attenuation corrected using the 

CT data, reconstructed in MIMNeuro (slice thickness = 2 mm; Joshi et al., 2012), converted 
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to voxel standardized uptake values based on body weight (SUVbw), and normalized into 

MNI space. Each scan was over-read by a fellowship-trained neuroradiologist blinded to 

group assignment and assessed as being “amyloid-positive” or “amyloid-negative” using 

established clinical criteria (Joshi et al., 2012). At this stage, patients who were amyloid-

negative were excluded from the AD spectrum group.

2.4. MEG experimental paradigm and Behavioral analysis

During MEG recording, participants were seated in a nonmagnetic chair within a 

magnetically-shielded room. Participants performed 200 total trials of an arrow-based 

Eriksen flanker task (Eriksen and Eriksen, 1974; Lew et al., 2018, 2020; McDermott et 

al., 2017; Schantell et al., 2022a) while seated in the magnetically shielded room. Each 

trial began with a fixation that was presented for 1450 to 1550 milliseconds (ms), followed 

by a row of 5 arrows for 2500 ms. Participants indicated, with their right hand, whether 

the middle arrow was pointing to the left (index finger) or right (middle finger). Trials 

were pseudorandomized and equally divided between congruent and incongruent conditions, 

with left and right arrows being equally represented in each of the conditions. Responses 

with a reaction time 2.5 standard deviations (SDs) above or below the participant's mean 

were excluded prior to averaging. Group by condition 2 × 2 ANCOVAs, controlling for 

the effect of age, were used to probe for differences in reaction time and accuracy. We 

first compared the behavioral metrics in healthy controls and patients (ADS + HAND) to 

examine shared behavior in ADS and HAND relative to controls and then followed-up with 

a disease-focused analysis examining ADS versus HAND group comparisons.

2.5. MEG data acquisition

MEG data acquisition, structural coregistration, preprocessing, and sensor–/source-level 

analyses followed a similar pipeline as a number of previous manuscripts from our 

laboratory (Meehan et al., 2021; Spooner et al., 2019; Wiesman and Wilson, 2020). All 

recordings took place in a one-layer magnetically-shielded room with active shielding 

engaged for environmental noise compensation. A 306-sensor Elekta/MEGIN MEG system 

(Helsinki, Finland), equipped with 204 planar gradiometers and 102 magnetometers, was 

used to sample neuromagnetic responses continuously at 1 kHz with an acquisition 

bandwidth of 0.1–330 Hz. Such planar gradiometers are more sensitive to magnetic fields 

generated by local sources (e.g., the brain), whereas magnetometers are equally sensitive 

to magnetic fields generated by local and distant (e.g., subways) sources. Participants were 

monitored by a real-time audio-video feed from inside the shielded room during MEG data 

acquisition. Each MEG dataset was individually corrected for head motion and subjected 

to noise reduction using the signal space separation method with a temporal extension 

(MaxFilter v2.2; correlation limit: 0.950; correlation window duration: 6 s; Taulu and 

Simola, 2006). Only the gradiometer data was used in further analyses.

2.6. Structural MRI processing and MEG coregistration

Prior to MEG acquisition, four coils were attached to the participants' heads and localized, 

together with the three fiducial points and scalp surface, using a 3-D digitizer (Fastrak 

3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once positioned in the 

MEG, the coils were driven with an electrical current at a unique frequency and the 
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magnetic fields associated with these currents were localized in reference to the MEG 

sensors array. Since coil locations were also known in head coordinates, all MEG 

measurements could be transformed into a common coordinate system. With this coordinate 

system, each participant's MEG data were co-registered with structural T1-weighted MRI 

data using BESA MRI (Version 2.0) prior to source-space analysis. Structural MRI data 

were aligned parallel to the anterior and posterior commissures and transformed into 

standardized space. Following source analysis (i.e., beamforming), each participant's 4.0 

× 4.0 × 4.0 mm functional images were also transformed into standardized space using the 

transform that was previously applied to the structural MRI volume and spatially resampled.

2.7. MEG preprocessing time-frequency transformation and sensor-level statistics

Cardiac and blink artifacts were identified in the raw MEG data and removed with signal-

space projection (SSP), which was subsequently accounted for during source reconstruction 

(Uusitalo and Ilmoniemi, 1997). The continuous magnetic time series was then bandpass 

filtered between 0.5 and 200 Hz, plus a 60 Hz notch filter, and divided into 4000 ms 

epochs, with the baseline extending from −1800 to −1000 ms prior to movement onset 

(time: 0 ms). Epochs containing artifacts were rejected using a fixed threshold method, 

supplemented with visual inspection. Briefly, in MEG, the raw signal amplitude is strongly 

affected by the distance between the brain and the MEG sensors, as the magnetic field 

strength falls off sharply as the distance from the current source increases. To account for 

this source of variance across participants, as well as other sources of variance, we used 

an individually-determined threshold based on the within-subject signal distribution for both 

amplitude and gradient to reject artifacts. Across all participants, the average amplitude 

threshold for rejecting artifacts was 1132.43 (SD = 381.77) fT/cm and the average gradient 

threshold was 228.72 (SD = 136.79) fT/(cm*ms). Across all groups, an average of 167.66 

(SD = 16.41) out of 200 possible trials per participant were used for further analysis in this 

experiment, including an average of 83.88 (SD = 8.09) out of 100 trials per participant in 

the incongruent condition and 83.78 (SD = 9.07) out of 100 trials per participant in the 

congruent condition. Importantly, our comparisons between groups and conditions were not 

affected by differences in the number of accepted trials per group, as this metric did not 

significantly differ as a function of condition (p = .96) or group (p = .27).

Complex demodulation (Kovach and Gander, 2016; Papp and Ktonas, 1977) was used to 

transform the artifact-free epochs into the time-frequency domain and the resulting spectral 

power estimations were averaged per sensor to generate time-frequency plots of mean 

spectral density. The time-frequency analysis was performed with a frequency-step of 2 

Hz and a time-step of 25 ms between 4 and 100 Hz. These sensor-level data were then 

normalized by each respective bin's baseline power for visualization purposes, calculated as 

the mean power during the −1800 to −1000 ms baseline period.

The specific time-frequency windows used for source imaging were determined by statistical 

analysis of the sensor-level spectrograms across both conditions, all participants, and the 

entire array of gradiometers. Each data point in each sensor-level spectrogram was initially 

evaluated using a mass univariate approach based on the general linear model. To reduce the 

risk of false positive results while maintaining reasonable sensitivity, a two-stage procedure 
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was followed to control for Type 1 error. In the first stage, paired sample t-tests against 

baseline were conducted on each data point and the output spectrogram of t-values was 

thresholded at p < .05 to define time-frequency bins containing potentially significant 

oscillatory deviations across all participants. In stage two, the time-frequency bins that 

survived the threshold were clustered with temporally and/or spectrally neighboring bins 

(per sensor) that were also above the threshold (p < .05), and a cluster value was derived 

by summing all of the t-values of all data points in the cluster. Nonparametric permutation 

testing was then used to derive a distribution of cluster values and the significance level 

of the observed clusters (from stage one) were tested directly using this distribution 

(Ernst, 2004; Maris and Oostenveld, 2007). For each comparison, 10,000 permutations were 

computed to build a distribution of cluster values. Based on these analyses, time-frequency 

windows within significant clusters were identified and used to guide source-level imaging. 

Cluster-based permutation testing on the sensor-array was performed in BESA Statistics 

(v2.1).

2.8. MEG source imaging

MEG data were imaged through an extension of the linearly constrained minimum variance 

vector beamformer (Gross et al., 2001; Hillebrand et al., 2005; Van Veen et al., 1997), 

which employs spatial filters in the frequency domain to calculate source power for the 

entire brain volume. The single images were derived from the cross spectral densities of 

all combinations of MEG gradiometers averaged over the time-frequency range of interest, 

and the solution of the forward problem for each location on a grid specified by input 

voxel space. In principle, the beamformer operator generates a spatial filter for each grid 

point that passes signals without attenuation from the given neural region, while suppressing 

activity in all other brain areas. The filter properties arise from the forward solution (lead 

field) for each location on a volumetric grid specified by input voxel space, and from 

the MEG covariance matrix. Basically, for each voxel, a set of beamformer weights is 

determined, which amounts to each MEG sensor being allocated a sensitivity weighting for 

activity in the particular voxel. Following convention, the source power in these images was 

normalized per participant using a pre-stimulus period (i.e., baseline) of equal duration and 

bandwidth (Hillebrand et al., 2005). MEG preprocessing and imaging were conducted using 

the Brain Electrical Source Analysis (version 7.0) software.

2.9. Statistical analysis

Normalized source power was computed for the selected time frequency bands over the 

entire brain volume per participant at 4.0 × 4.0 × 4.0 mm resolution. Each participant's 

functional images were transformed into standardized space using the transform that was 

previously applied to the structural images and then spatially resampled. The resulting 

3D maps of brain activity were averaged across all participants to assess the anatomical 

basis of the significant oscillatory responses identified through the sensor-level analysis. 

Whole-brain flanker interference maps were computed by subtracting the congruent from 

the incongruent condition for each frequency band independently per participant. Using the 

resulting interference maps, we employed an ANCOVA approach, with age as a nuisance 

covariate. In our first level analyses, we collapsed across patient groups (ADS + HAND) 

and aimed to identify regions where neural oscillatory responses differed between patients 
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and controls. Brain regions where significant group differences were found were then probed 

to identify disease specific effects (i.e., ADS versus HAND). Bayes Factors (BF01) were 

also computed to evaluate the probability of the null for non-significant group comparisons 

between ADS and HAND. Similarly, our second level analyses compared the ADS and 

HAND groups directly at the whole-brain level using interference maps of each oscillatory 

response and an ANCOVA approach with age as a nuisance covariate. Our goals were to 

identify differences in regional oscillatory activity during motor processing between the two 

clinical groups. To account for multiple comparisons, a significance threshold of p < .005 

was used for the identification of significant clusters in all whole-brain statistical maps, 

accompanied by a cluster (k) threshold of at least 10 contiguous voxels (i.e., 640 mm3 of 

brain tissue) based on the theory of Gaussian random fields (Poline et al., 1995; Worsley et 

al., 1996, 1999). Age-adjusted unstandardized residual values for each variable of interest 

were generated by regressing such variables on age. The resulting residuals were used in 

figures to depict relationships in analyses of which age was adjusted for.

3. Results

3.1. Behavioral analysis

Thirteen participants were excluded from the final sample. Nine participants in the ADS 

group and two in the HAND group performed very poorly on the task (i.e., accuracy 

<60%) and two other participants (one HAND and one control) were removed due to 

poor MEG data quality. Thus, the final sample consisted of 22 participants on the ADS, 

22 with HAND, and 30 healthy controls (refer to Table 1 for demographic and clinical 

characteristics). The remaining participants performed well on the task with high accuracy in 

both the incongruent (M = 97.14%, SD = 4.78%) and congruent (M = 97.82%, SD = 4.18%) 

conditions, and reasonable reaction times (incongruent: M = 762.83 ms, SD = 157.46 ms; 

congruent: M = 696.01 ms, SD = 148.53 ms). ANCOVAs with age as a nuisance covariate 

were used to assess group differences in behavior (i.e., accuracy and reaction time) during 

the Flanker task (Fig. 1). Primary analyses collapsing across both clinical groups (ADS 

+ HAND) revealed worse performance relative to controls. Specifically, ADS + HAND 

participants were less accurate (F1,71 = 4.04, p = .048) and responded slower (F1,71 = 8.86, 

p = .004) than controls (Fig. 1). Comparisons between ADS and HAND groups revealed no 

differences in reaction time (p = .47) nor accuracy (p = .082).

3.2. Neuropsychological assessment results

All participants underwent a battery of neuropsychological assessments (Table 2), which 

broadly showed that participants with HAND and those on the ADS performed worse 

than healthy controls. Further, those with HAND reported non-significantly higher levels 

of functional impairment than controls (t(34) = 0.99, p = .329), while those on the ADS 

reported greater functional impairment relative to healthy controls (t(36) = −8.27, p < .001).

3.3. MEG sensor-level analyses

Sensor-level analyses across both conditions and all participants revealed two significant 

oscillatory responses consistent with previous MEG studies using this task (Embury et al., 

2019; Heinrichs-Graham et al., 2018b; Spooner et al., 2021; Fig. 2A). Robust oscillatory 
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decreases in the beta range (16–24 Hz) from −400 to 400 ms (0 ms = movement onset; p 
< .001, corrected) were observed, as well as significant increases relative to baseline in the 

gamma band (64–72 Hz) from −50 to 200 ms (p < .001, corrected).

3.4. MEG source-level analyses

We then examined the cortical origins of the significant beta and gamma oscillatory 

responses identified in the time-frequency analysis. Whole-brain images were computed for 

each condition (i.e., incongruent and congruent) and averaged across all participants (Fig. 

2B). Robust decreases in beta activity were observed in the bilateral primary motor cortices, 

while increases in gamma were more lateralized to the contralateral primary motor cortex.

Next, flanker interference (incongruent – congruent) maps were computed and these served 

as the main input for statistical analyses. First, we collapsed across ADS and HAND 

groups and conducted ANCOVAs between patients (ADS + HAND) and controls. Our main 

findings indicated weaker beta interference (i.e., less negative) responses in patients relative 

to controls in the right inferior frontal gyrus and left cerebellum (Fig. 3; p < .005, corrected), 

as well as weaker gamma interference activity in the right superior parietal cortex in patients 

compared to controls (Fig. 3, p < .005, corrected). Post-hoc analyses of gamma and beta 

interference activity revealed that while ADS and HAND groups differed from controls, the 

two clinical groups did not differ from each other. Follow-up Bayesian analyses provided 

moderate evidence for there being no group differences between ADS and HAND groups 

for beta in the right inferior frontal gyrus (BF01 = 2.91), while there was weak evidence for 

there being no group differences in beta activity in the left cerebellum (BF01 = 0.98) and the 

right superior parietal cortex gamma response (BF01 = 1.62).

Following the initial analyses, we used a whole-brain approach to identify the regions 

in which ADS and HAND groups differed in oscillatory activity. Participants on the 

ADS exhibited stronger interference activity in the gamma band compared to those with 

HAND in the left premotor cortex, right pre-supplementary motor area, and right inferior 

parietal cortex (Fig. 4; p < .005, corrected). No differences were found in beta band 

activity. However, previous studies investigating the mechanisms supporting motor control 

have examined two distinct subprocesses of movement: planning and execution (Heinrichs-

Graham et al., 2020; Heinrichs-Graham and Wilson, 2015; Kurz et al., 2014). Thus, we 

conducted an additional analysis to probe for differences in the subcomponents of motor 

processing by dissecting the beta (16–24 Hz) response into two separate 400 ms time bins 

prior to (i.e., planning) and following the movement onset (i.e., execution). The ADS group 

exhibited stronger beta interference activity during the motor planning period (−400 to 0 ms) 

than the HAND group in the right superior temporal area (Fig. 5; p < .005, corrected), which 

was followed by weaker interference responses in ADS during the motor execution window 

(0 to 400 ms) in the left precentral gyrus, left prefrontal cortex, superior parietal cortex, right 

inferior frontal gyrus, and right cerebellum (Fig. 5; p < .005, corrected).

3.5. Neuro-behavioral correlations

Next, we wanted to explore how these distinct neural interference responses were related to 

disease-specific clinical indices of HAND (i.e., CD4 nadir, current CD4 counts, duration on 
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cART, disease duration) and ADS (i.e., MMSE, MoCA, FAQ, Quick Dementia Rating Scale 

(QDRS), and Pittsburgh Sleep Quality Index (PSQI)). Pseudo-t values were extracted from 

peak voxels identified in the whole-brain analyses comparing interference effects among 

those with HAND and those on the ADS and subjected to additional testing. Regarding 

clinical HIV metrics, we found that lower CD4 nadir counts (cells/μL) were associated with 

stronger gamma interference effects in the left precentral cortex (r = 0.60, p = .007; Fig. 6, 

top left). Conversely, we found that weaker gamma interference effects in the right pre-SMA 

were associated with being on cART for a longer period of time (r = −0.47, p = .033; Fig. 

6, bottom left). Among participants on the ADS, stronger (i.e., more negative) oscillatory 

beta interference effects during the motor planning period in the right superior temporal 

areas were associated with poorer sleep quality, measured using the PSQI (r = −0.49, p = 

.020; Fig. 6, top middle). However, during the movement execution period, poorer sleep 

quality was associated with weaker (i.e., more positive) beta interference effects in the left 

prefrontal cortex (r = 0.66, p = .001; Fig. 6, top right) of those on the ADS. Further, greater 

cognitive impairment as reported by participants' informants was associated with stronger 

(i.e., more negative) beta interference effects in the right cerebellum during the movement 

execution period (r = −0.46, p = .037; Fig. 6, bottom right). Finally, stronger gamma 

interference effects in the left premotor cortex were associated with better performance on 

the MMSE (r = 0.45, p = .035; Fig. 6, bottom middle).

In addition, to index the relationships between cognitive functioning and the regional 

oscillatory interference responses that differentiated those with HAND compared to ADS, 

we conducted exploratory analyses using the extracted pseudo-t values, performance 

measures on the flanker task during the MEG, and the demographically corrected z-scores 

from the common neuropsychological assessments shared across the HAND and ADS 

cohorts. We identified several relationships between oscillatory interference effects and 

neuropsychological performance. Specifically, we found that weaker oscillatory gamma 

interference effects in the right pre-SMA was associated with better performance (i.e., 

higher z-scores) on the Trail Making Test, Part B (r = −0.31, p = .045; Fig. 7, top left). 

Additionally, stronger gamma interference effects in the left premotor cortex scaled with 

higher premorbid function measured using the WRAT-4 Word Reading test (r = 0.49, p = 

.001; Fig. 7, middle left). Stronger gamma interference effects in the right inferior parietal 

cortex were associated with greater behavioral interference to the flanker task in terms of 

reaction time (in ms; r = 0.47, p = .002; Fig. 7, bottom left). Further, higher WRAT-4 

Word Reading scores were associated with stronger (i.e., more negative) beta interference 

effects in the right superior temporal area during the motor planning period (r = −0.32, p = 

.001; Fig. 7, top right), with the inverse of this relationship observed in the left precentral 

cortex where weaker (i.e., more positive) beta interference effects during the motor planning 

period were associated with higher premorbid function (r = 0.43, p = .006; Fig. 7, middle 

right). Next, we found that better performance on the Trail Making Test, Part A scaled with 

stronger beta interference effects in the right cerebellum during the motor execution period 

(r = −0.35, p = .026; Fig. 7, bottom right). Finally, because of floor effects on the learning, 

delayed recall, and percent retained trials of the HVLT-R, these data were heavily skewed 

among the HAND and ADS groups. Thus, we did not explore relationships between neural 

oscillatory interference effects and the results of these assessments.
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4. Discussion

Prolongment of life expectancy in PWH has resulted in patients becoming increasingly at 

risk for developing age-related neurodegenerative diseases such as AD. Examining AD in 

the context of HIV is greatly understudied and delineating the neurophysiological properties 

that may be shared or specific to each disease is critical to understanding the mechanisms 

underlying each disorder. In this context, we examined how cognitive interference affected 

motor control networks in participants with HAND, those on the ADS, and healthy controls 

using high-density MEG, which enabled the underlying spatiotemporal oscillatory dynamics 

to be closely examined, and thereby expanded upon the neural parameters that can be 

quantified by other modalities. Our results revealed ADS and HAND groups exhibit disease 

nonspecific differences relative to controls in the beta and gamma range across prefrontal 

and parietal cortices, as well as disease-specific gamma differences across multiple cortical 

regions and temporally-dependent effects in the beta range. We expand upon these findings 

and discuss the implications in greater detail below.

Previous studies have reported robust motor-related beta and gamma oscillations during the 

Flanker task (Embury et al., 2019; Heinrichs-Graham et al., 2018a; Spooner et al., 2021), 

and that such activity is highly sensitive to the healthy aging process (Heinrichs-Graham et 

al., 2018b; Heinrichs-Graham and Wilson, 2016). However, far fewer studies have probed 

motor-related beta and gamma activity in ADS and HAND populations independently, and 

none have studied motor processing differences among these clinical groups. Movement-

related oscillatory responses in participants with ADS are not well understood, but many 

task-based and resting state studies have identified abnormal gamma and beta activity and 

connectivity in ADS (Güntekin et al., 2013; Jafari et al., 2020; Wiesman et al., 2021). 

Previous MEG work in PWH reported aberrant beta responses in motor and higher order 

cognitive processing regions (Spooner et al., 2022; Wilson et al., 2013, 2019). Likewise, 

abnormal gamma responses have also been noted in PWH (Arif et al., 2020; Groff et 

al., 2020; Spooner et al., 2018; Wiesman et al., 2018). Thus, common gamma and beta 

aberrations in HAND and ADS relative to controls, particularly within motor and cognitive 

processing areas, were expected.

Patients in both groups exhibited weaker gamma interference activity than controls in 

the right superior parietal cortex, a key perceptual-motor integration and processing area 

(Wolpert et al., 1998). Reduced beta interference activity was also observed in the ADS 

+ HAND group compared to controls in important motor and higher order processing 

areas. High-frequency gamma activity has previously been linked to motor execution 

(Muthukumaraswamy, 2010) and is commonly affected by cognitive interference (Gaetz et 

al., 2013; Grent-’t-Jong et al., 2013; Heinrichs-Graham et al., 2018a; Wiesman et al., 2020), 

while perimovement beta ERD activity is a key contributor to motor planning and selection 

(Grent-’t-Jong et al., 2014; Heinrichs-Graham et al., 2016; Heinrichs-Graham et al., 2018a; 

Heinrichs-Graham and Wilson, 2015; Tzagarakis et al., 2010; Wiesman et al., 2020). Thus, 

weaker gamma and beta interference responses in such higher-order association cortices 

may reflect general deficiencies in top-down control of motor processing during cognitive 

interference in the clinical groups.
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In addition to these disease non-specific differences, we also found disease-specific 

alterations in interference activity between ADS and HAND groups. Gamma interference 

responses were differentially impacted by ADS and HAND in motor and parietal regions, 

which are known to contribute to several of the subprocesses of cognitive motor control. 

Specifically, the premotor cortex and pre-supplementary motor area are key drivers of 

cognitive integration, temporal organization, and updating of cognitive plans of motor 

behavior (Chouinard and Paus, 2006; Freund, 1990; Ikeda et al., 1999; Nachev et al., 

2007), and gamma activity in the premotor cortex has been implicated in superadditive 

cognitive interference during motor processing (Wiesman et al., 2020). Similarly, the 

inferior parietal cortex supports sensory-motor integration during intentional movement as 

well as sensorimotor preparation (Desmurget and Sirigu, 2012; Jubault et al., 2007).

Interestingly, disease-specific alterations in interference activity scaled with disease-specific 

metrics. In particular, those with HAND exhibited stronger beta interference effects in 

the left precentral cortex with lower CD4 nadir counts, which may reflect that those 

with the most severe legacy effects and/or weaker immune systems may utilize more 

compensatory mechanisms to overcome interference serving motor control (Schantell et al., 

2022b). Further, those who have been on cART the longest had stronger gamma interference 

effects in the right pre-SMA, which may reflect the legacy effects of earlier antiretroviral 

treatment, which had more severe side effects, or the cumulative effects of cART exposure 

(Schantell et al., 2022b). Among those on the ADS, poorer sleep quality was associated with 

stronger beta interference effects in the right superior temporal cortex during the planning 

period, along with weaker beta interference effects in the left prefrontal cortex during the 

movement execution period. Such findings may suggest that sleep quality differentially 

impacts interference effects in higher-order cognitive regions during the motor planning 

and execution periods of motor control processes. We also found that stronger gamma 

interference activity in the left premotor cortex was associated with higher MMSE scores, 

suggesting that higher functioning patients on the ADS were able to better adapt during the 

interference trials.

Disease-specific alterations in the oscillatory activity serving motor control also scaled with 

cognitive functioning across participants with HAND and those on the ADS. Specifically, 

we found that premorbid functioning was associated with interference activity in several 

regions including gamma activity in the left premotor cortex, and beta activity during the 

planning period in the left precentral cortex and right superior temporal cortex. These 

finding may indicate that better premorbid functioning has a protective effect against 

disease-specific alterations in interference activity. Additionally, performance on the Trail 

Making Test Parts A and B were differentially associated with motor-related interference 

activity, with better performance on the Trail Making Test Part A being associated with 

stronger beta interference effects in the right cerebellum during the movement execution 

period, which suggests that such activity may support faster processing speed and low-level 

attention. However, worse performance on the Trail Making Test Part B scaled with stronger 

gamma interference effects in the right pre-SMA across both patient groups, which may link 

gamma-specific alterations in gamma interference activity to deficits in executive function.
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Alterations in gamma interference activity may be attributed to differences in GABA 

concentration and neural inhibition in ADS and HAND pathologies. GABA, the principal 

inhibitory neurotransmitter in the brain, has been strongly linked to gamma activity in 

the visual and sensorimotor domains (Gaetz et al., 2011; Groth et al., 2021; Magazzini 

et al., 2016; Muthukumaraswamy et al., 2009; Nowak et al., 2017). Patients on the ADS 

are known to exhibit oscillatory gamma dysfunction and reduced GABA levels, which 

have been linked to cognitive impairment and typically precede amyloid plaque formation 

(Colgin and Moser, 2010; Y. Huang and Mucke, 2012; Xu et al., 2020). Additionally, 

neuroinflammation in PWH has been shown to lead to upregulation of GABAergic signaling 

(Green and Thayer, 2019). Thus, gamma interference aberrations in ADS and HAND within 

these regions suggest disease-specific neural mechanisms during cognitive interference 

suppression which, in turn, may impact motor control.

We also identified temporally-specific (e.g., planning and execution) effects in 

perimovement beta interference activity between the two clinical groups in primary and 

secondary motor cortices, frontoparietal, and temporal regions. Stronger planning-related 

beta interference activity in the right superior temporal area in those on the ADS relative to 

HAND suggests disease-specific effects during integration of spatial information processing, 

as the superior temporal has been linked to spatial coding and movement planning 

(Hanakawa et al., 2008; Shah-Basak et al., 2018). Conversely, participants on the ADS 

exhibited weaker beta interference oscillations during execution than those with HAND 

in areas supporting the planning, selection, and top-down cognitive control of voluntary 

movement such as the right cerebellum, left precentral gyrus, and bilateral frontoparietal 

cortices. Of note, beta responses in the contralateral precentral gyrus have been associated 

with motor planning and movement selection (Heinrichs-Graham et al., 2016; Heinrichs-

Graham et al., 2018a; Heinrichs-Graham and Wilson, 2015; Wilson et al., 2010; Wilson 

et al., 2011b). Beta activity in frontoparietal regions such as the prefrontal cortex, inferior 

frontal gyrus, and superior parietal cortex have been previously linked to higher-order 

modulation of movement and cognition (Buschman and Miller, 2007; Richter et al., 2017; 

Salazar et al., 2012).

Although limited data exist regarding the role of beta oscillations in relation to ADS and 

HAND pathological mechanisms, both neurological disorders display executive function and 

cognitive control impairments. Beta oscillations are thought to be a top-down disinhibitory 

neural rhythm during motor and cognitive processing, particularly underlying voluntary 

movement (Barone and Rossiter, 2021; Khanna and Carmena, 2015). Thus, these findings 

may suggest disease-specific alterations in the disinhibition of top-down control during 

motor processing. Differing directionality of the temporally-distinct interference beta 

aberrations between patients on the ADS and people with HAND may also indicate 

disease-specific compensatory mechanisms to resolve cognitive interference during motor 

planning and execution. Considering the lack of behavioral differences between the clinical 

groups, it may be inferred that those on the ADS recruit more neural resources during 

planning to compensate for deficiencies during execution, whereas patients with HAND 

may compensate for disease-specific motor impairments during planning by generating 

accentuated responses during execution.
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Collectively, the findings of this study have incredible novelty and potential for furthering 

research on the neurophysiology of ADS and HAND pathologies, although they are not 

without limitations. First, the sample sizes of the patient groups were relatively small, and 

thus, future work is necessary to corroborate the results identified in the present study. 

Next, we did not have AD biomarker data (i.e., amyloid beta and tau measures) for all 

participants. Future studies comparing ADS and HAND directly should include biomarker 

quantification (via blood plasma, CSF, and/or PET) for all participants, such that these 

biomarker data may be used in a multimodal approach and linked to various neuroimaging 

metrics (e.g., MEG markers in each disease; see Wiesman et al., 2022). Third, we did 

not have a comparison group with hallmark movement-related symptoms, such as those 

with Parkinson's disease. Such an additional group would provide significant insight in 

distinguishing primary cognitive and motor symptomatology and should be a focus of future 

work. Additionally, the neuropsychological battery slightly differed between the groups 

and future work comparing ADS and HAND should use identical neuropsychological 

assessments. Finally, we found aberrations of motor-related beta and gamma oscillations that 

were modulated by cognitive interference. Other movement-related cognitive processes have 

been shown to modulate beta and gamma activity in controls, such as movement complexity, 

certainty, and cueing (Heinrichs-Graham et al., 2016; Heinrichs-Graham and Wilson, 2015; 

Tzagarakis et al., 2010). An interesting direction would be to investigate how these different 

cognitive processes supporting motor control are altered in ADS and HAND. Beyond motor 

control, future studies using visual processing tasks should examine posterior-to-anterior 

information flow and whether that distinguishes different types of cognitive impairment.

To close, we found disease nonspecific movement-related oscillatory aberrations in 

participants with ADS or HAND compared to controls in the gamma and beta range. Altered 

gamma interference activity was identified in the superior parietal cortex, while disparate 

beta interference responses were found in frontal and cerebellar cortices in the clinical 

groups (ADS + HAND) relative to controls. Our results also indicated disease-specific 

aberrations across various regions essential for different sub-features supporting cognitive-

motor processing. Differences in the gamma band were observed in cognitive-motor control 

regions, while temporally distinct beta interference effects were located in key areas for 

top-down cognitive control of motor coordination and control, which scaled with disease-

specific clinical parameters and neuropsychological measures. This is the first study to 

directly examine similarities and differences in movement-related oscillatory activity in 

ADS and HAND populations, and our findings suggest both disease-specific and nonspecific 

effects that may inform both diagnostic and mechanistic studies in the future and lead 

to major breakthroughs in understanding cognitive decline in older PWH who are at the 

greatest risk of developing ADS disorders.
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Fig. 1. 
Flanker Task Behavioral Results. Residuals of accuracy (top) and reaction time (bottom) 

controlling for the effect of age are shown on the y-axis for each condition with group on the 

x-axis. The impaired groups (ADS/HAND) were less accurate and slower to respond than 

controls. However, the two clinical groups did not differ from each other.
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Fig. 2. 
Sensor-level Time-frequency Spectrograms and Whole-brain Average Maps. (A) Time-

frequency spectrograms depicting movement-related oscillatory activity averaged across all 

trials, conditions, and participants. Time (ms) is presented on the x-axis and frequency (Hz) 

is on the y-axis. The color scale bar is shown above each spectrogram and indicates the 

percent change in amplitude from baseline. Strong increases in gamma (64–72 Hz; −50 

to 200 ms) and decreases in peri-movement beta (16–24 Hz, −400 to 400 ms) activity 

were observed in a sensor near the contralateral primary motor cortex (MEG0443). Both 

oscillatory responses significantly differed from baseline (p < .001, corrected) and are 

denoted with white boxes. (B) Each brain image depicts the average maps across all 

participants for the following trial conditions: incongruent, congruent, and both conditions 

for each neural response. Gamma oscillations were identified in the contralateral primary 

motor cortex, while peri-movement beta activity was generated by populations of neurons 

in the bilateral motor cortices. Color scale bars to the left of each row indicates oscillatory 

response amplitude per voxel.
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Fig. 3. 
Whole-brain Group Difference Maps Between Participants with ADS or HAND and 

Controls. Whole-brain group difference maps of beta and gamma interference activity are 

displayed accompanied by violin plots for the peak voxel in each significant cluster. Beta 

interference group differences (p < .005, corrected) were revealed in the right inferior frontal 

gyrus (left) and left cerebellum (middle). Gamma interference differences between ADS /

HAND and controls were found in the right superior parietal cortex (right). Residuals of 

amplitude interference values controlling for age are presented with each corresponding 

brain slice.

Meehan et al. Page 25

Neurobiol Dis. Author manuscript; available in PMC 2023 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Whole-brain Gamma Differences between ADS and HAND groups. Disease-specific 

gamma interference differences (p < .005, corrected) were observed in the left premotor 

cortex (top), right pre-supplementary motor area (middle), and right inferior parietal cortex 

(bottom). Residuals of interference amplitude values controlling for age are presented to the 

right of each image.
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Fig. 5. 
Whole-brain Beta Differences in the Motor Planning and Execution Phases. (Left) Group 

effects in the motor planning period (−400 to 0 ms; p < .005, corrected) were observed in 

the right superior temporal area. (Right) Group beta differences during the motor execution 

period (0 to 400 ms; p < .005, corrected) were identified in the left prefrontal, left precentral, 

left superior parietal cortex (LSPC), right cerebellar cortices, and the right dorsolateral 

prefrontal cortex (RDLPFC). Residuals of interference amplitude values controlling for age 

are presented near the corresponding brain slices, and labeled for those in the right panel.
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Fig. 6. 
Relationships Between Disease-specific Metrics and Oscillatory Beta and Gamma 

Interference Effects. (Left) Among participants with HAND, a lower CD4 nadir was 

associated with stronger (i.e., more negative) beta interference during the motor execution 

period in the left precentral gyrus (top). Interestingly, however, the longer those with 

HAND were on combination antiretroviral therapy (cART), the weaker their oscillatory 

gamma interference effects were in the right pre-supplementary motor area (SMA; bottom). 

(Right) Among participants in the ADS group, stronger (i.e., more negative) oscillatory 

beta interference effects during the motor planning period in the right superior temporal 

area were associated with poorer sleep quality, as measured by the Pittsburgh Sleep Quality 

Index (PSQI). Conversely, during the movement execution period, poorer sleep quality was 

associated with weaker (i.e., more positive) beta interference effects in the left prefrontal 

cortex of those on the ADS. Further, greater informant-reported cognitive impairment was 

associated with stronger (i.e., more negative) beta interference effects in the right cerebellum 

during the movement execution period. Finally, stronger gamma interference effects in the 

left premotor cortex were associated with more optimal MMSE scores. *p < .05, **p < .01.
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Fig. 7. 
Oscillatory Beta and Gamma Interference Effects Scale with Cognitive Assessments Among 

Those with HAND and ADS. (Left) Weaker oscillatory gamma interference effects in 

the right pre-SMA were associated with better performance on the Trail Making Test, 

Part B. Higher premorbid function measured using the WRAT-4 Word Reading test was 

associated with stronger gamma interference effects in the left premotor cortex. Stronger 

gamma interference effects in the right inferior parietal cortex scaled with greater behavioral 

interference in terms of reaction time (in ms). (Right) Better WRAT-4 Word Reading scores 

were associated with stronger (i.e., more negative) beta interference effects in the right 

superior temporal area during the motor planning period, but the inverse of this relationship 

was observed in the left precentral cortex in which weaker (i.e., more positive) beta 

interference effects during the motor planning period were associated with higher premorbid 

function. Finally, better performance on the Trail Making Test, Part A scaled with stronger 

beta interference effects in the right cerebellum during the motor execution period. *p < .05, 

**p < .01.
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Table 1

Participant demographics and disease characteristics.

ADS
(n = 22)

HAND
(n = 22)

Healthy
Controls
(n = 30)

Age (years) 69.41 (4.84) 58.68 (6.11) 65.21 (7.23)

Sex 12 Females/10 Males 12 Females/10 Males 15 Females/15 Males

ADS Severity 11 AD/11 MCI – –

QDRS - Total 5.80 (2.15) – –

QDRS - Cognitive 2.73 (0.97) – –

QDRS - Behavioral 3.07 (1.44) – –

PSQI Total 4.09 (2.71) – 5.40 (2.67)

HAND Severity – 17 ANI/1 MND/4 HAD –

CD4 Nadir (cells/μL) – 221.41 (144.95) –

Current CD4 (cells/μL) – 828.55 (376.61) –

Years Since HIV Diagnosis – 14.36 (8.06) –

Years on cART – 12.05 (6.70) –

Years without cART Treatment – 2.32 (3.47) –

Note. Means and standard deviations are displayed for each continuous variable, and counts are shown for each categorical variable. ADS – 
Alzheimer's Disease Spectrum, AD – Alzheimer's Disease, MCI – Mild Cognitive Impairment, QDRS – Quick Dementia Rating System, PSQI 
– Pittsburgh Sleep Quality Index, HAND – HIV-associated Neurocognitive Disorders, ANI – Asymptomatic Neurocognitive Impairment, MND – 
Mild Neurocognitive Impairment, HAD – HIV-associated Dementia, cART – Combination antiretroviral therapy.
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