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Abstract

Magnetoencephalography (MEG) is a noninvasive, silent, and totally passive neurophysiological 

imaging method with excellent temporal resolution (~1 ms) and good spatial precision (~3–5 mm). 

While MEG studies of neuroHIV remain relatively rare, the number of studies per year has sharply 

increased recently and this trend will likely continue into the foreseeable future. The current in-

depth review focuses on the studies that have been conducted to date, which include investigations 

of somatosensory and visual modalities, resting-state, as well as motor control and higher-level 

functions such as working memory and visual attention. The review begins with an introduction to 

the principles and methods of MEG, and then transitions to a review of each of the empirical 

studies that have been conducted to date, separated by sensory modality for the basic studies and 

cognitive domain for the higher-level investigations. As such, this review attempts to be exhaustive 

in its coverage of empirical MEG studies of neuroHIV. Across studies major themes emerge 

including aberrant neural oscillatory activity in HIV-infected adults, both in primary sensory 

regions of the brain and higher-order executive regions. Many studies have also connected the 

amplitude of neural oscillations to behavioral and/or neuropsychological function in the study 

population, making a vital connection to performance and improving the veracity of the findings. 

One conspicuous emerging area is the use of MEG to distinguish cognitively-impaired from 

unimpaired HIV-infected adults, with major success reported and future studies sure to come. The 

review concludes with a summary of findings and suggested focus areas for future studies.
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Introduction

With the availability of potent combination antiretroviral therapy (cART), the nature of HIV-

infection dramatically shifted from a terminal illness to a chronic manageable condition, 
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with a life expectancy that approaches that of seronegative persons.1–2 Despite these 

advances, HIV-infected patients remain at a significantly increased risk of developing HIV-

associated neurocognitive disorders (HAND),3–8 and recent studies have shown that 35–70% 

of all HIV-infected patients are at least subtly impaired on neuropsychological tests of 

cognitive function.1–7 This persistence is at least partially driven by people simply living 

longer with milder neurocognitive disorders, although the trend also reflects that cART is far 

more effective in the periphery than in the brain. Overall, the prevalence of HIV-associated 

dementia (HAD) has sharply decreased in the cART era,3–4,9–12 while that of milder forms 

of HAND has remained largely the same or slightly increased.3–11 Patients with HAND are 

more likely to be unemployed or under employed, have greater problems with medication 

adherence, and have lower quality of life.13–15 Thus, the economic and societal burdens of 

HIV/AIDS are accentuated in cases of HAND.

Unfortunately, despite major scientific efforts, the neurobiological underpinnings of HAND 

remain incompletely understood. Numerous studies using structural and functional 

neuroimaging in humans have successfully identified the brain regions and networks most 

affected by the disease, but we still have a limited understanding of the inherent physiology 

in these brain regions, and how it is different in patients with HAND. There are also no 

current biomarkers of HAND, and hence diagnoses are based on standard 

neuropsychological testing and the exclusion of other contributing factors (e.g., comorbid 

conditions). Thus, there is a clear need for additional research using state-of-the-art tools to 

advance the field. One such tool that has seen increasing use in neuroHIV is 

magnetoencephalography (MEG). Compared to the other neuroimaging methods discussed 

in the accompanying chapters, MEG is unique in that it provides precise spatiotemporal data 

on the neural dynamics that serve cognitive processing. In other words, MEG is capable of 

characterizing neuronal activity on a millisecond temporal scale, which is critical given the 

extremely rapid time scale of neuronal traffic and circuit-level neural activity in the human 

brain.

In the current review, we start by providing some background information on MEG, 

including its physical and physiological origins, basic experimental design, terminology, and 

output variables. We then transition to empirical studies that have used MEG in the context 

of neuroHIV, which we subdivide into sections based on the cognitive and/or sensory 

process of interest. We then close by highlighting general conclusions and areas of 

consensus, pointing out areas in need of further study, and recommending future directions.

Magnetoencephalographic (MEG) Imaging: A Primer

MEG is a noninvasive human neurophysiological recording method that is primarily utilized 

in studies of systems-level brain function. The physical signal digitized in MEG is 

comprised of summated magnetic fields produced by ionic currents within active neural 

populations. Just as electric current within power lines produces magnetic fields, ionic 

currents within active neurons also produce magnetic fields according to the same physical 

principles (e.g., “the right-hand rule” of magnetism).16 These so-called neuromagnetic fields 

are ultra-minute (10−15 T) relative to other magnetic fields in the environment (e.g., the 

earth’s static field is about 10−5 T), and thus MEG signals are normally recorded in 
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magnetically-shielded rooms using special sensors and/or noise-cancellation software.16–21 

In regard to the physiological basis of these ionic currents, MEG is most sensitive to 

dendritic currents in large populations of cortical pyramidal cells, as opposed to their action 

potentials.16,22 However, other cortical neurons also contribute to the signal, as do cells in 

subcortical and cerebellar regions to a lesser extent.22 The depth (i.e., distance from the 

MEG sensors), orientation, and synchronicity of the neural populations also affect the 

strength of MEG signals, although modern MEG systems are generally sensitive to 

responses across the entire brain.23 Importantly, signal measurement in MEG occurs at the 

sensor-level and state-of-the-art systems are equipped with a large number of sensors (e.g., 

~300) arranged in a helmet-like array that surrounds the participants head (Figure 1). 

Consequently, it is necessary to project these sensor measurements into source space (i.e., 

anatomical coordinates), which is generally accomplished using volume conductor models 

and optimization algorithms such as minimum-norm estimation, beamforming, and/or other 

related source estimation techniques.16–21 This process of projecting the MEG signals into 

the brain is often termed MEG source reconstruction.

Although the first MEG measurements occurred over 50 years ago,24 the analytical 

sophistication and instrumentation of the field have dramatically increased over the past 

decade.17–21 MEG is currently the only noninvasive high-resolution imaging technique that 

measures the neurophysiology directly (i.e., does not rely on vascular responses) and the 

only functional brain imaging method to possess both high spatial (2–5 mm) and temporal 

resolution (i.e., millisecond level).20–21 Another unique advantage of MEG over other 

electrophysiological and noninvasive imaging methods is that it does not require a reference 

electrode, which allows local spontaneous activity to be accurately quantified, greatly 

simplifies the interpretation of responses, and facilitates network modeling and connectivity 

analyses.

As mentioned above, this review focuses on the use of MEG in people living with HIV-

infection. The main applications in this population include the identification of potential 

biomarkers of cognitive impairment secondary to HIV-infection (i.e., HAND), and the 

generation of basic knowledge concerning the neural origin and mechanisms of HAND. Of 

note, this review attempts to be exhaustive in its coverage of MEG in neuroHIV, as the first 

papers on this topic appeared in 2012 and to date there are only 13 published articles listed 

in PubMed (according to a search of “HIV and magnetoencephalography” and “HIV and 

MEG”). Of these 13 papers, two are review articles that include a MEG/neuroHIV 

component, one is a case study, and the other 10 are empirical studies. Interestingly, of the 

10 empirical papers, three were published in 2018 (30%) so the frequency of study appears 

to be increasing.

Before beginning, a few words about the interpretation and nature of MEG results are in 

order. First, with the exception of resting-state studies, MEG experiments almost always use 

event-related designs and are laid out very similarly to invasive electrophysiological 

investigations in monkeys and rats. Briefly, there is a baseline period with no stimulation, 

followed by the occurrence of an event or stimulus at time 0.0 seconds (s), which leads to an 

“active” period when the brain’s response to the stimulus occurs. This series of events 

constitutes a single trial, and the typical MEG experiment consists of 80–100 trials per 
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condition, per participant.17 The MEG signals are recorded throughout the experiment and 

the individual trials are aggregated (offline) in each participant to increase the signal-to-

noise ratio of the primary brain responses. In interpreting the signals, it is generally the 

relative response (active compared with baseline) that is of paramount interest, as neural 

cells spontaneously fire and cortical regions are constantly undergoing local electrical 

fluctuations that are seemingly unrelated to the sensory and cognitive processes of interest. 

Second, as mentioned above, there is no reference electrode in MEG. Thus, unlike other 

electrophysiological methods, the signal amplitude is not a difference measure between two 

electrodes or the average across multiple electrodes. The amplitude is specific to the location 

and not relative to electrical activity at any other location. Third, over the past decade, 

neurophysiological studies have increasingly focused on population-level neural oscillatory 

activity.25–26 In studies focusing on oscillatory analyses, rhythmic neural activity in discrete 

frequency bands, including delta (1–4 Hz), theta (4–7 Hz), alpha (8–14 Hz), beta (14–26 

Hz), gamma (30–50 Hz), and high gamma (> 50 Hz) are examined separately to quantify 

rhythmic changes in the underlying neural population during cognitive processing.25 Note 

that MEG studies have generally focused on one or two frequency bands, based on their 

hypotheses, and that the precise definition of a band (e.g., alpha) is frequently determined 

statistically for a given study; for example, the definition of alpha may vary from 8–12 Hz to 

8–14 Hz in different studies and this range is commonly determined using a data-driven 

approach. Probing such frequency bands separately enhances the signal-to-noise ratio of 

each, and enables identification of high-frequency (e.g., gamma range) neural responses that 

are often of lower amplitude. These high-frequency responses are widely thought to be 

critical for regional interactions across active brain networks,26 and thus characterizing them 

is of major importance for understanding overall brain function. Of note, oscillatory analyses 

largely rely on the same event-related experimental designs, except that each trial is 

generally longer to provide an adequately ‘silent’ baseline, with the relative responses again 

being of primary interest (i.e., active period compared with pre-stimulus baseline). As will 

become apparent from the studies discussed in this review, the application of oscillatory 

analysis methods to MEG signals and subsequent source reconstruction is a powerful 

approach for identifying the dynamics of brain function, and has facilitated major 

discoveries in several distinct areas.

Finally, a succinct overview of MEG terminology and metrics will promote understanding of 

the critical aspects of the studies discussed below, as some terms in the MEG field are 

somewhat unintuitive. Critically, the most common metric is the amplitude or power of the 

neural signal, and this can expressed for a particular voxel in the brain, a whole brain region, 

or at the MEG sensor-level. Pseudo-t is another common MEG unit; in functional maps 

using this metric, each pseudo-t value reflects the noise-normalized differential power 

between an active and a baseline period for a specific voxel. Other common units include the 

phase of the signal, based on a sensor- or voxel-level time series, as well as an array of 

functional connectivity measures that are typically computed using the voxel time series 

data. Such functional connectivity measures are thought to reflect inter-regional interactions, 

and common metrics include coherence, phase-locking factor, phase-lag index, and many 

others. Lastly, for oscillatory approaches, two common terms are event-related 

desynchronization (ERD) and event-related synchronization (ERS). An ERD refers to a 
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decrease in band-limited power or amplitude (relative to a baseline) in response to a specific 

stimulus event or movement, whereas an ERS refers to an increase in band-limited power or 

amplitude (relative to baseline) in response to a specific event. ERD and ERS can be 

computed at the sensor- or voxel-level and are typically expressed in percentage units, 

reflecting the percent increase or decrease relative to the baseline period.

NeuroHIV in the cART Era

As mentioned above, the advent of combination antiretroviral therapy shifted the nature of 

HIV-infection from a terminal illness to a chronic manageable condition, but HIV-infected 

patients remain at a significantly elevated risk of developing cognitive impairments, with 

35–70% of all patients exhibiting at least subtle deficits on tests of neuropsychological 

function.1–7 Numerous neuropsychological studies have documented aberrations across a 

broad range of functional domains (e.g., attention, fine motor), but the basic 

pathophysiology remains largely unresolved. Below, we review the MEG studies of 

neuroHIV that have been conducted to date. Each subsection focuses on studies that targeted 

a distinct cognitive construct and/or sensory modality, which we hope improves clarity and 

helps to illuminate the specific areas most in need of further research.

Resting State & Reliability studies

Consistent with the functional MRI (fMRI) literature, the most active area of MEG research 

in neuroHIV has been resting-state studies. Of course, resting-state studies have the 

advantage that they are easier to implement and that there is no chance of the imaging results 

being biased by differences in behavioral performance. Given these and other benefits, 

resting-state investigations have dominated the search for biomarkers across many different 

disease states, and this is certainly true for HAND and other neural alterations associated 

with neuroHIV.

One of the earliest studies in this field focused on the test-retest reliability of resting-state 

MEG signals in HIV-infected adults and matched healthy controls. All participants 

completed two five minute sessions (i.e., eyes-open and eyes-closed) of resting-state MEG, 

as well as neuropsychological testing, and then returned 24 weeks later for a follow-up MEG 

session that was identical to the first.28 For analysis, the authors divided the sensor-level 

MEG signals into eight sub-regions and five canonical frequency bands (e.g., left occipital 

alpha) and then focused on the power in each region. The study’s primary findings were that 

the MEG measurements were highly stable in both groups, as determined by the intra-class 

correlation (ICC) coefficient. In fact, the median stability was r = 0.80 and r = 0.72 during 

the eyes-closed and eyes-open conditions, respectively, with the highest values in the 

temporal lobes and the lowest in the frontal lobes.28 Spectrally, the gamma frequency range 

was the least reliable across both conditions, while the other canonical bands were far more 

reliable, although there was some variation by region.28 Regardless, median ICC values of 

0.80 and 0.72 indicate that the measurements are highly reliable and bode well for the 

promise of MEG as a marker of disease. Beyond the reliability analysis, this study also 

showed that resting gamma power in the right occipital and right frontal region was stronger 

in uninfected controls relative to HIV-infected patients, and that individuals with high theta-
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to-gamma ratios tended to have lower cognitive test performance, regardless of serostatus.28 

Overall, this study provided clear evidence that MEG is reliable, as well as the first 

indication that MEG signals may be capable of distinguishing adults with and without HIV-

infection.

A later study by the same group went a step further and looked at functional connectivity 

during the resting state.29 Specifically, the authors collected five minutes of MEG data 

during eyes-closed rest and computed the sensor-by-sensor mutual information, which is a 

metric thought to reflect functional connectivity. Critically, the authors identified a group of 

MEG sensor pairs where the mutual information metric distinguished HIV-infected and 

uninfected participants.29 These sensor pairs were generally between left occipital and right 

frontal areas of the MEG helmet, and across these groupings the mutual information value 

was higher in the uninfected controls compared to the HIV-infected patients. Furthermore, 

the mean mutual information value averaged across all sensor pairs successfully 

discriminated the HIV-infected patients from the uninfected controls with only one 

exception, which suggests that measures of functional connectivity may have high sensitivity 

and specificity for identifying HIV-related neural alterations.29

Finally, a more recent MEG study focused on older HIV-infected participants and included a 

relatively larger sample than the previous resting-state investigations. In this study,30 older 

participants (half infected with HIV) underwent six-minutes of eyes-open rest during MEG, 

and the resulting data were projected into the brain and regional time series were extracted 

for 29 distinct brain regions.30 These time series were then subject to spectral analyses to 

quantify power in five canonical frequency bands (i.e., delta, theta, alpha, beta, and gamma). 

The key findings where that resting-state beta activity was significantly reduced in bilateral 

regions of the supplementary motor area, paracentral lobule, posterior cingulate, and the 

superior parietal lobule of older HIV-infected participants compared with demographically-

matched uninfected controls. Further, the authors found that beta activity in the posterior 

cingulate, a key region in the default-mode network, was significantly correlated with scores 

on the Hopkins Verbal Learning Test-Revised, such that higher (better) scores were 

associated with stronger beta activity.30 Unlike previous studies,28 the authors did not find 

group differences in gamma activity or any other band besides beta. However, this disparity 

could reflect that the more recent study30 focused on older participants, and/or differences in 

the methodological approach adopted by the authors (e.g., sensor- vs. source-level analyses). 

Regardless, these studies have advanced understanding of resting-state neurophysiological 

alterations in neuroHIV, and illuminated key questions that remain unanswered; thus, future 

work is certainly needed.

Motor Control & Processing

While neuropsychological testing has documented abnormalities across a broad range of 

functional domains, deficits in fine motor control and reduced psychomotor speed have been 

some of the most common findings in HAND.9,31–34 In fact, this was partially reflected in 

the original nomenclature, which included diagnostic categories for HAD (3 subtypes) and a 

less severe condition termed minor cognitive motor disorder (MCMD).35 The MCMD 

category was phased out in 2007 with the adoption of the current classification system, 
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which includes HAD, mild neurocognitive impairment, and asymptomatic cognitive 

impairment.10 Nonetheless, motor-related deficits remain a critical component of neuroHIV 

and are an essential feature of HAND assessment.36 Furthermore, despite the frequency of 

motor control and psychomotor speed impairments in neuroHIV, very few studies have 

attempted to identify the neural bases of such deficits, and in fact only one such MEG study 

of motor control has been published to date. This is problematic as non-motor issues like 

abnormal executive functioning can sharply decrease performance on measures of motor 

coordination and psychomotor speed, and ultimately masquerade as pure motor deficits in 

the absence of extensive neuropsychological testing.

The one existing neuroHIV motor study focused on the oscillatory dynamics of motor 

planning operations using a finger-tapping task during MEG. Briefly, recent 

neurophysiological studies of motor planning in humans have largely focused on an event-

related desynchronization (ERD) in the 14–28 Hz beta range, which has been termed the 

peri-movement beta ERD.37–45 This response has been by far the most widely studied of the 

three main motor oscillatory responses (see below), and typically begins about 500 ms 

before movement onset and persists through the duration of the movement, with the 

strongest response peak in the motor hand knob region of the precentral gyrus contralateral 

to movement.43–45 Other regions that generate a peri-movement beta ERD, especially during 

complex movements, include the supplementary motor area (SMA), premotor cortices, 

parietal cortices, and cerebellum.37,39–40,43–46 Many independent studies have probed the 

functional role of the peri-movement beta ERD, and these studies have overwhelmingly 

supported the notion that this response is crucial to motor planning and movement selection. 

For example, the response is known to be modulated by the complexity of the movement to 

be executed,39 the certainty of the pending movement direction,47 the similarity between 

potential movement plans,48 and other cue-related factors.49 Beyond the beta ERD, there is a 

resynchronization in the beta band that follows movement termination, which has been 

termed the post-movement beta rebound (PMBR),37–38,42–45,50 as well as a high-frequency 

gamma response that coincides with movement onset and has been linked to the motor 

execution signal.44,51–56 However, neither of these responses have been examined in 

neuroHIV using MEG or any other modality, and thus we focus our background section on 

the beta ERD.

To investigate motor planning in neuroHIV, one study examined 24 participants (half with 

HIV – all virally suppressed) using MEG.57 All participants completed an externally-paced 

finger tapping task using their right index finger during MEG, and the resulting magnetic 

signals were decomposed into the time-frequency domain and imaged using a beamformer. 

The key results indicated a robust peri-movement beta ERD from −350 to 250 ms 

(movement onset = 0 ms) in the bilateral precentral gyri of each group, with the strongest 

response being centered on the motor hand knob feature of the contralateral (left) precentral 

gyrus (Figure 2).57 As shown in Figure 2, a strong beta ERD was also detected in the SMA 

of uninfected participants, but not seropositive participants. In regard to group differences, 

beta ERD responses were significantly stronger in controls relative to HIV-infected 

participants in the bilateral precentral gyri and the SMA (Figure 3). Conversely, HIV-

infected participants had stronger responses in the right dorsolateral prefrontal cortex, 

medial prefrontal cortices, and a small area of the left inferior frontal gyrus. Interestingly, 
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the beta response amplitude in the left precentral gyrus and SMA was significantly 

correlated with performance on the Grooved Pegboard test (dominant hand), while 

performance on the Trailmaking Test A and B was correlated with response amplitude in 

multiple prefrontal regions of HIV-infected participants.57

In summary, the one MEG study to date that has examined motor function found robust 

neural differences during planning operations across a distributed motor network. These 

differences included reduced beta responses in the primary motor cortices (i.e., hypoactivity) 

of HIV-infected participants, as well as stronger responses in prefrontal regions involved in 

executive function. These responses correlated with neuropsychological tests of motor 

function in the infected group, which supports the veracity of these neurophysiological 

findings. Clearly, many questions remain concerning neuroHIV and cortical motor function, 

and studies that consider the full gamut of oscillatory motor responses (e.g., post-movement 

beta rebound and motor gamma responses) are direly needed. Studies that use motor tasks 

capable of eliciting behavioral differences would be especially informative.

Somatosensory Processing

Deficits in motor control and processing generally need to be understood in the context of 

sensorimotor interactions and the degree of functioning within the somatosensory system. In 

other words, impaired somatosensory processing can have major negative consequences for 

motor control, and it is important to understand both systems to have a full grasp of motor 

function in any particular population. Thus far, there have been two MEG studies of 

somatosensory processing in neuroHIV. These studies were especially groundbreaking as 

there were no published fMRI or other functional imaging studies of somatosensation in 

HIV, although previous structural imaging studies had suggested widespread abnormalities 

in HIV-infected patients across the somatosensory strip and motor cortices.58 Thus, there 

was clearly circumstantial evidence for aberrations in the somatosensory system in 

neuroHIV.

In the first study, 17 virally-suppressed HIV-infected adults and 17 demographically-

matched uninfected controls completed a mechanoreceptor stimulation paradigm using an 

air-puff paradigm during MEG, and underwent high-resolution structural MRI.59 The 

resulting MEG signals were transformed into the time-frequency domain, and time-

frequency windows with significant responses (across all participants) relative to baseline 

were imaged using a beamformer. The whole-brain maps were then examined statistically 

for group differences and combined with structural gray matter maps derived from voxel-

based morphometry using VBM8 and DARTEL implemented in the Statistical Parametric 

Mapping Software (SPM8; Wellcome Trust Centre for Neuroimaging, http://

www.fil.ion.ucl.ac.uk).60 The key MEG findings were that all participants exhibited an 

increase (i.e., synchronization) in 4–8 Hz activity from 10 to 260 ms following stimulation 

onset, which mapped to the left postcentral gyrus directly posterior to the motor hand-knob 

feature. Interestingly, uninfected participants also exhibited a strong decrease in 8–14 Hz 

alpha activity during the same time period (Figure 4),59,61 which mapped to the left 

prefrontal cortex. In regard to group differences, the 4–8 Hz theta response was stronger in 

uninfected participants, which gave rise to a significant group difference in the left 
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postcentral gyrus directly posterior to the hand-knob feature of the precentral gyrus. 

Likewise, the prefrontal alpha decrease was only observed in uninfected participants, which 

resulted in a relatively large group difference cluster centered on the left inferior frontal 

gyrus (Figure 4).59 The authors also extracted the peak group difference voxel from each of 

the significant clusters, and conducted a sensitivity/specificity analysis for both HIV-

infection and cognitive impairment (9 of the 17 HIV-infected adults had HAND). This 

analysis revealed very high (>85%) sensitivity and specificity for identifying both HIV-

infection and cognitive impairment based solely on these MEG metrics.59 Finally, the VBM 

results indicated reduced gray matter in HIV-infected adults across several brain regions, 

including the left parahippocampal and lingual gyri, left postcentral gyrus, right cerebellum, 

and several other regions. Of particular interest, the cluster of reduced gray matter in the left 

postcentral gyrus was anatomically coincident with the reduced MEG theta responses 

observed in the HIV-infected adults, which suggests that at least some functional differences 

in this population may be attributable to structural aberrations, although others (e.g., 

prefrontal alpha) appear to be more purely functional in nature.59

A larger and more recent study has also examined somatosensory processing in adults with 

HIV, although this study used paired-pulse electrical stimulation to elicit somatosensory 

cortical responses, which targets decidedly different experimental questions.62 Briefly, 71 

participants (43 with HIV) completed a paired-pulse median nerve stimulation paradigm 

during MEG. The pulses were separated by 500 ms, which allowed the authors to look at 

sensory gating responses. Such gating is a neurophysiological phenomenon whereby the 

response to the second stimulus in a pair of identical stimuli is attenuated. This attenuation is 

thought to reflect the capacity of the CNS to filter less relevant information and preserve 

resources for behaviorally-relevant stimuli.63 Substantial evidence suggests that patients 

with cerebral palsy, schizophrenia, and even healthy older adults exhibit impaired gating of 

auditory and/or somatosensory stimuli, which is thought to reflect an impairment in bottom-

up, pre-attentive inhibitory processing.63–66 Since attentive and/or top-down inhibitory 

processing is thought to be a critical deficit in neuroHIV (see later sections), such gating 

studies should provide key information in this population. In the study by Spooner and 

colleagues,62 the MEG signals were transformed into the time-frequency domain, revealing 

a robust response from 20–75 Hz in all participants during the 50 ms window following each 

stimulation (i.e., 0–50 ms and 500–550 ms). These responses were separately imaged in 

each participant and then averaged group-wise to reveal that the same region of primary 

somatosensory cortices generated the neural response in each group and to each stimulation. 

The authors then extracted the time series of the peak voxel in the grand averaged map for 

all subsequent analyses. The key findings indicated significantly reduced neural responses to 

both the first and second stimulation in HIV-infected participants relative to uninfected 

controls (Figure 5, top panel). In regard to gating, both groups exhibited significant sensory 

gating responses (i.e., response to the second stimulus was significantly weaker than the 

response to the first), but there was no group difference in the magnitude of the gating effect. 

The latter finding was surprising, as numerous studies63–64,66 have shown reduced gating in 

individuals with neurological and psychiatric disorders and such a reduction was 

hypothesized by the authors. Interestingly, follow-up analyses indicated that the peak gamma 

frequency of the second response relative to the first response was significantly higher in 
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HIV-infected adults compared to controls (Figure 5, bottom left panel), and the authors 

argued that this alteration could be compensatory and underlie the preserved sensory gating 

function seen in these patients.62 Finally, since several recent studies have connected 

increased spontaneous activity during the baseline to aging,40,65 and given evidence of 

accelerated aging in HIV,67 the authors evaluated the power of spontaneous activity in the 

20–75 Hz range in the same peak voxel as was used in their main analyses. This revealed 

that HIV-infected adults indeed had significantly elevated spontaneous activity relative to 

uninfected controls. Although future studies are needed to elucidate this effect, such elevated 

spontaneous gamma activity in HIV may underlie the reduced response amplitude observed 

in patients in the current study.68

In summary, only two studies have examined somatosensory function in adults with HIV 

and both of these investigations focused on virally-suppressed populations and found 

widespread evidence for dysfunction in key somatosensory circuitry. These studies used 

different stimulation approaches and focused on different spectral windows (i.e., theta and 

gamma), but ultimately reached many of the same conclusions. The recent work showing 

preserved gating along with increased spontaneous activity and higher peak frequencies is 

especially worthy of follow-up, as these parameters could directly contribute to aberrant 

primary sensory responses. Finally, these findings have direct implications for understanding 

motor dysfunction in neuroHIV and future studies should evaluate these together within the 

same study, as abnormalities within the somatosensory system could impact motor function 

directly and lead to key impairments in daily activities.

Working Memory

Clinically-significant impairments in working memory are common in adults infected with 

HIV and are widely believed to contribute to other higher-level deficits in reasoning and 

decision making, which in-turn have a major impact on daily functioning and societal 

independence.9–10,69 These deficits are known to extend across both verbal and spatial 

domains, but their precise cognitive and neurological origins remain largely unknown. 

Several neuropsychological studies have suggested that impairments in working memory 

arise from encoding deficiencies, whereas others have indicated that central executive 

processes are likely the origin.70 Most functional neuroimaging studies have used fMRI and 

tended to support both views, but their conclusions remain at least partially tentative as 

aberrations in encoding stimuli would affect the maintenance of such memory 

representations, and these studies have not been able to temporally distinguish encoding and 

maintenance periods.69–72 More broadly, previous functional imaging studies in HIV-

infected adults have often reported abnormalities in both primary sensory and higher-order 

frontal and prefrontal cortices, which again conflates the encoding and maintenance 

operations serving working memory function.71–76 Given these data, the precise timing of 

MEG could be especially valuable in identifying the cognitive (i.e., encoding vs. 

maintenance) and neural origins of working memory deficits in HIV, and to date only one 

such study has directly addressed these questions in the verbal domain of working memory.
77
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In this study, 36 older adults (half infected with HIV, all virally-suppressed) completed a 

verbal working memory task during MEG. Both groups were demographically-matched in 

regard to age, sex, ethnicity, and handedness, with the mean age across both groups being 

about 58 years at the time of scan.77 The task was specifically designed to distinguish 

encoding and maintenance operations. Briefly, participants were instructed to memorize six 

letters that appeared in a grid (encoding). After 2.0 s these letters disappeared from the grid 

(maintenance period) and 3.0 s later a probe letter appeared in the grid (retrieval period), 

with the participants being instructed to respond “yes” or “no” via button press as to whether 

the probe letter was included in the original six-letter encoding grid (Figure 6). This task had 

been validated by the investigators in many previous studies focuses on normative 

populations and those with other neurological and psychiatric diseases.78–85 The key 

findings were that the uninfected adults performed significantly better on the task (~82.5% 

accurate) than did the adults with HIV (~76% accurate). In regard to the MEG data, all 

participants exhibited a robust decrease in 9–16 Hz alpha/low-beta activity during the 

encoding period in left occipito-temporal sensors, as well as a robust increase in 9–12 Hz 

alpha activity in occipital cortices during maintenance.77 To identify the time course of these 

responses, the spectral windows were imaged using a beamformer in 400 ms windows 

starting 200 ms after the onset of the encoding grid and extending until the onset of the 

probe letter (5000 ms). The results indicated a strong decrease in alpha/low-beta activity that 

began in the posterior occipital cortices and spread anteriorly to include the left inferior and 

superior temporal cortices, left supramarginal gyrus, and left inferior frontal cortices (Figure 

6). These dynamics appeared to be similar in HIV-infected and uninfected participants, 

especially during the encoding period as there were no group differences observed 

throughout this period.77 In contrast, during memory maintenance, HIV-infected adults 

exhibited significantly stronger responses (i.e., alpha decreases) in the left supramarginal 

gyrus during the earliest time period, and this was sustained through the majority of the 

maintenance period (Figure 7). Similar sustained group differences were also observed in 

the left inferior frontal gyrus and left cerebellum. In contrast, the opposite pattern was 

observed in the homologue right inferior frontal gyrus, as uninfected participants exhibited 

stronger alpha decreases relative to HIV-infected adults (Figure 7). Controls also exhibited a 

significantly stronger alpha synchronization (i.e., increase) in the occipital cortices 

throughout the majority of the maintenance period and the amplitude of this response was 

significantly correlated with accuracy on the working memory task in controls, but not HIV-

infected adults. Lastly, this study also found that the strength of the alpha decreases in the 

left supramarginal gyrus during maintenance were significantly correlated with performance 

on the working memory task, as well as global neuropsychological function and the 

attention and memory composite scores in HIV-infected patients.77

Given the widespread consequences of working memory dysfunction for other aspects of 

cognitive processing, as well as personal independence and quality of life, it is surprising 

that so few studies have examined this domain in HIV-infected adults. Beyond the limited 

number of fMRI studies, only one MEG study has been conducted to date. As mentioned 

above, this study clearly indicated that the impairments primarily reside in memory 

maintenance and not stimulus encoding, as there were no group differences during the 2.0 s 

encoding time window. Furthermore, during maintenance HIV-infected adults exhibited 
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hyper-activations in the well-established left hemispheric verbal working memory networks, 

and did not widely utilize right hemispheric homologue regions to the same degree as age 

matched controls. The latter finding is particularly important, as studies have shown that 

healthy older adults more broadly utilize homologue regions during cognitively-demanding 

working memory paradigms relative to their younger peers.83 In addition, this study showed 

that the well-known occipital alpha synchronization during maintenance is abnormal in HIV-

infected adults, and this almost certainly contributed to their poor performance on the 

working memory task.78–85 Obviously, much remains to be discovered in this area and 

future studies should focus on both spatial and verbal working memory to determine if both 

are affected equally.86–87 Likewise, therapeutic studies targeting memory maintenance 

operations could be helpful in reducing the burden of working memory deficits in this 

population.

Visual-Spatial Processing & Visual Attention

Visual processing and visual attention has been one of the most frequent areas of 

investigation in functional neuroimaging studies of neuroHIV. Early fMRI studies reported 

aberrations in visual-perceptual and visual attention networks in HIV-infected adults, and 

these findings have generally been confirmed and expanded in more recent work. For 

example, Chang and colleagues found that HIV-infected patients exhibit markedly increased 

fMRI activation in lateral occipital, posterior parietal, and prefrontal regions during attention 

tasks.88–89 More recent studies have focused more exclusively on visual cortex and found 

that HIV-infected adults have reduced activation in primary visual cortex during a visual 

stimulation task relative to healthy controls,76 as well as reduced cerebral-blood-flow to the 

same visual regions during the resting-state.75 Corruption of parietal- and fronto-visual 

functional connectivity in the resting state has also been reported in HIV-infected adults, and 

these fronto-visual attention networks align particularly closely with those that are 

compromised in advanced aging.90 In regard to MEG studies, there have been a total of three 

to date, with the earliest focused on basic visual processing,91 a second focused on visuo-

spatial processing and attention,92 and a third that examined visual selective attention.93 We 

will review each of these studies in turn.

The first study included 23 participants (12 HIV-infected) who were group matched on 

major demographic factors. All participants completed a basic visual processing task during 

MEG, which involved fixating on a crosshair while a small checkboard box appeared in the 

top right visual field quadrant.91 All MEG data were transformed into the time-frequency 

domain, which revealed strong oscillations from 6–12 Hz during early stimulus processing 

(i.e., 50–225 ms, with 0 ms being stimulus onset). Source imaging of this time window 

revealed activity in the right dorsolateral prefrontal cortex, the posterior calcarine cortex, the 

posterior cingulate, and the frontal eye fields. In regard to group differences, the key findings 

were that controls showed greater 6–12 Hz power in the right frontal eye fields, right 

dorsolateral prefrontal cortex, and the posterior cingulate compared with HIV-infected 

adults.91 Interestingly, the authors also found that the amplitude of responses in both the 

right dorsolateral prefrontal cortices and right frontal eye fields of HIV-infected patients was 

positively correlated with the retention index of the Hopkins Verbal Learning Test Revised 

(HVLT-R), and this effect survived stringent Bonferroni correction. In other words, the more 
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“control-like” the responses in these regions, the higher the retention index score was in the 

HIV-infected group, which supports the notion that these oscillatory differences are integral 

to cognitive dysfunction.91

While this early study provided significant insight, later MEG studies of visual-spatial 

processing and selective attention have added a critical new dimension. These studies have 

focused on the key question of whether MEG measures of visual attention/processing can be 

used to distinguish HIV-infected adults with HAND from those who are cognitively 

unimpaired. One study focused on neural oscillatory activity in visual occipital cortices and 

examined 67 participants (43 HIV-infected) who were divided into three demographically-

matched groups, including uninfected controls, unimpaired HIV-infected adults, and adults 

with HAND.92 All participants underwent MEG during a visual-spatial processing task that 

required participants to respond (i.e., button press) regarding the spatial location of the 

visual stimulus. This task is known to elicit robust, multispectral oscillatory responses.94–96 

The resulting MEG data were probed for significant oscillatory visual responses and, in 

agreement with previous studies using this task,94–96 the authors observed strong theta, 

alpha, and gamma responses in MEG sensors near occipital cortex during early stimulus 

processing. These three visual responses were imaged in each participant using a 

beamformer and the resulting images were averaged across groups to identify the peak 

voxels for each response. The time series for each of these peaks was then extracted for each 

person and used in the group-wise statistical analyses. The behavioral results indicated that 

uninfected controls responded significantly faster than both the unimpaired HIV-infected and 

HAND groups, and that the group with HAND also responded significantly slower than the 

unimpaired HIV-infected group (Figure 8, top panel).92 Adults with HAND were also 

significantly less accurate on the task compared with the other two groups. As per the MEG 

data, the key findings were that visual theta responses were significantly stronger in the 

uninfected group relative to both unimpaired HIV-infected and HAND groups, and that the 

relationship between accuracy on the task and the strength of occipital theta activity 

significantly differed between the groups (Figure 9). In regard to the alpha and gamma 

responses, no group differences were observed in regard to the strength of each oscillatory 

response. However, given recent findings in the aging and HIV literatures,40,62,65 the authors 

also examined the power of spontaneous neural activity in each of these spectral windows 

and their results were groundbreaking. Essentially, spontaneous alpha activity in visual 

occipital cortices was sharply elevated in the group with HAND, but not the control or the 

unimpaired HIV-infected group (Figure 10, top left panel). In contrast, spontaneous occipital 

gamma activity was significantly elevated in both unimpaired HIV-infected adults and those 

with HAND relative to uninfected controls (Figure 10, bottom left panel).92 In other words, 

based on the power of spontaneous activity during the pre-stimulus baseline, one could 

distinguish each of the three groups from each other. These findings were of major 

importance as they suggested that specific MEG indices may have the capacity to serve as 

diagnostic markers of cognitive impairment in neuroHIV, which would have a major impact 

as HAND diagnoses are currently based on extensive neuropsychological testing and the 

exclusion of opportunistic infections and other confounding factors. Further, the overall 

pattern of increased spontaneous activity is consistent with the notion of accelerated aging in 

HIV-infected adults,67 as multiple studies in healthy controls have supported the view that 
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spontaneous cortical activity increases with age.40,65 In sum, this MEG study provided 

critical new data and was the first to suggest that MEG may have the capacity to discern 

those HIV-infected adults with HAND from those who are cognitively unimpaired.

The third MEG investigation in this area followed a similar model to the previous study in 

that there were three groups of participants (HAND, unimpaired HIV-infected, and 

uninfected controls), but this study focused on visual selective attention function and the 

impact of cognitive interference.93 The study included 20 participants per group and the 

three groups were closely matched on major demographic factors, including age, sex, 

ethnicity, education, and handedness. Again, all HIV-infected participants were virally-

suppressed. Participants completed a visual flanker task during MEG, which required them 

to respond as to the direction (left or right) of a middle arrow that was presented alongside 

flanking arrows that were either pointing in the same direction (Congruent) or the opposite 

direction (Incongruent; see bottom panel of Figure 8). The classic finding in this task is that 

participants respond slower in the incongruent relative to the congruent condition due to the 

interference caused by the flanking arrows, and this difference in reaction time has been 

termed the flanker effect. Thus, the authors examined this behavioral effect as well as the 

associated neural oscillations using MEG. Their main behavioral findings were that adults 

with HAND were significantly slower than both unimpaired HIV-infected and control adults 

across both congruent and incongruent conditions, while the latter two groups marginally 

differed with controls being the fastest responders (Figure 8, bottom panel).93 In addition, all 

participants exhibited a significant flanker effect (i.e., responded slower in the incongruent 

condition) and the magnitude of this effect differed in a stepwise fashion across the three 

groups, being smallest in the uninfected controls and largest in the adults with HAND. As 

per the MEG signals, these data were decomposed into the time-frequency domain, which 

revealed strong responses in both the theta (3–6 Hz, 50–400 ms) and alpha (9–12 Hz, 250–

650 ms) bands, in agreement with previous MEG studies using the flanker task.97–98 The 

authors then imaged these responses separately for the congruent and incongruent condition, 

and subtracted the resulting congruent maps from the incongruent maps to derive a whole 

brain map of so-called flanker interference activity. An ANOVA of these maps revealed 

group differences in theta inference activity in the left inferior frontal cortices, left 

dorsolateral prefrontal cortices, left temporoparietal junction, and left inferior parietal 

regions (Figure 11).93 Likewise, group differences in alpha interference activity were found 

in the left superior frontal gyrus, middle frontal gyrus, supramarginal gyrus, and left angular 

gyrus, as well as the right dorsolateral prefrontal cortices (Figure 11). Importantly, the 

authors found that left inferior frontal theta activity was a significant positive predictor of 

executive composite scores, while the left dorsolateral prefrontal cortex theta response was a 

significant positive predictor of attention composite scores (Figure 12). Further, group-wise 

post-hoc difference testing of these regions found that theta interference activity in both 

areas was significantly reduced in the group with HAND relative to the other two groups, 

and did not differ between controls and unimpaired HIV-infected adults.93 Finally, the 

authors also examined whether there were group differences in spontaneous activity in each 

of the brain regions identified in the whole-brain theta and alpha ANOVAs. These analyses 

revealed that adults with HAND had increased spontaneous theta activity relative to infected 

controls in most of the regions identified in the whole-brain theta ANOVA, as well as 
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increased spontaneous activity relative to unimpaired HIV-infected participants in the left 

inferior frontal and left temporoparietal junction regions (Figure 10, right panel). In contrast, 

alpha activity was significantly elevated in the HAND group relative to both the unimpaired 

HIV-infected and uninfected controls groups in almost all regions identified in the whole-

brain alpha ANOVA (Figure 10, right panel).93 Thus, in this study, the spontaneous alpha 

results alone (in several distinct brain regions) were enough to distinguish the three groups, 

and importantly made a clear distinction between the unimpaired HIV-infected adults and 

those with HAND. Furthermore, the behavioral task was very sensitive to HIV-related 

changes in cognitive performance, as the flanker effect revealed a unique stepwise pattern of 

decline in visual selective attention function among the HIV-infected patients with and 

without cognitive impairment.

In conclusion, there have been three MEG studies of visual processing and/or visual 

attention function involving HIV-infected patients, and these studies have identified key 

aberrations across multiple nodes of the networks serving basic visual function, visuo-spatial 

processing, and executive function. Some of the most exciting findings have emerged in the 

past year with evidence that MEG markers of visual processing and visual selective attention 

may hold diagnostic value in distinguishing HIV-infected adults with and without cognitive 

impairment. The fact that these findings were observed in closely-matched, virally-

suppressed individuals makes these data all the more exciting. Of course, further studies 

involving larger samples are necessary to confirm these findings, and to begin to move these 

data into prediction models for classifying groups. Regardless, visual processing studies in 

neuroHIV have provided critical new data in the past year, which have helped propel the 

functional neuroimaging of HIV community to new heights.

Conclusions & Future Directions

MEG is an ideal tool for examining the mechanisms of brain dysfunction in neuroHIV, as its 

spatiotemporal precision allows for accurate characterization of spectral alterations, as well 

as delays and slowing in specific neural systems. While most early studies focused on the 

resting-state, MEG studies of sensory processing in almost all modalities are now available 

and in the past two years multiple investigations of higher-order processes have now been 

published. Nonetheless, MEG studies of the neuronal aberrations associated with HIV-

infection remain rare, with substantial work ongoing and many questions in need of further 

investigation.

Despite the sparsity of MEG investigations, several key conclusions can be drawn. First, 

aberrations in neural oscillatory activity stretch across all investigated sensory modalities, 

and in the same study are generally observed in both the primary sensory region (e.g., visual 

cortex) and higher-order brain areas such as the dorsolateral prefrontal cortex. These 

aberrations do not appear to be related to active viremia, as almost all MEG studies since 

2013 have reported that their study populations were virally suppressed. Further, the notion 

that these abnormalities could be related to potential neurotoxic effects of certain 

antiretrovirals has not been supported in prior functional neuroimaging work.99 

Demographic factors also appear unlikely as virtually all studies to date closely matched 

their patient and control groups on age, sex, ethnicity, and other important factors. 
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Alterations in neurovascular coupling in HIV are also unlikely,100 as MEG is a direct 

measure of the physiology and should not be affected by such differences. This leads to the 

probable conclusion that such neural oscillatory aberrations are a key feature of the HIV-

infected brain and not an artifact of inadequacies in study design or implementation.

Interestingly, the specific nature of these neural oscillatory abnormalities appears to differ by 

brain region and by cognitive/perceptual task. Some of these inter-regional disparities, 

especially the spectral findings, likely reflect low-level healthy differences in the underlying 

circuitry (e.g., healthy occipital neurons synchronize at the alpha rhythm when at rest), and 

thus the aberrations observed in HIV-infected adults likely reflect core dysfunction in these 

neural populations in regard to their specific abilities to compute, synchronize, and interact 

with neighboring and distant populations. Along these lines, it is interesting to note that 

HIV-related aberrations were often observed in the dominant spectral rhythm of the involved 

brain region. For example, widespread differences in beta activity were noted in the primary 

motor cortex of the only study to examine motor control in neuroHIV,57 and beta is widely 

acknowledged to be the dominant spectral rhythm of the motor system. Likewise, tasks with 

major visual components all reported differences in alpha activity,77,92–93 and differences in 

theta activity were often noted in the prefrontal cortex. Beyond these generalities, early 

MEG studies of the resting-state have highlighted deficits in fronto-visual circuits,29 which 

were later replicated in studies directly examining visual selective attention.93 Studies of 

somatosensory processing have universally shown deficits in the postcentral gyrus (primary 

somatosensory cortex) of HIV-infected adults.59,62 The one investigation of working 

memory processing focused on the verbal domain and showed behavioral deficits, as well as 

aberrations in memory maintenance operations across a broad network of left hemispheric 

language regions and the right inferior frontal gyrus (i.e., homologue of Broca’s area).77 

Several studies of visual processing and visual attention have also been conducted and these 

have shown multispectral deficits in the occipital visual cortices, as well as parietal and 

prefrontal regions.91–93 Looking across studies it is interesting to note that studies of motor 

control,57 somatosensory processing,59 resting-state,29 working memory,77 visual 

processing,91 and visual selective attention93 all highlighted deficits in the prefrontal 

cortices of HIV-infected adults. Thus, conjunctive abnormalities in both modality-specific 

regions and prefrontal cortices appears to be a common thread across the majority of 

neuroHIV MEG studies to date. Finally, studies have shown that MEG measurements have 

high test-retest reliability in HIV-infected adults,28 which is clearly important for the 

development of MEG-based diagnostic markers of HAND and other diseases.

In regard to future studies, one of the most exciting areas has been the recent discovery that 

specific MEG metrics may be able to distinguish unimpaired HIV-infected individuals from 

those with HAND.92–93 This is a major breakthrough and future studies are needed to 

further refine the approach and test the predictive capacity of these markers in different HIV-

infected populations (i.e., those not used in the development of the markers). The same 

and/or related MEG metrics may also be useful in monitoring HAND progression and 

establishing prognoses for HIV-infected individuals more broadly, but of course more work 

is needed. Regarding the latter, long-term longitudinal MEG studies would be the most 

informative route, so that the specific metric and clinical outcome could be continually 

monitored and compared. Concerning specific perceptual and cognitive domains of study, 
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additional work is needed across the board. With no more than three studies in any specific 

area, there are numerous findings that need to be further confirmed and many lingering 

questions. Further, there are many domains that have yet to be investigated (e.g., auditory 

circuitry), and no studies to date have utilized executive function tasks, spatial working 

memory, nor multiple different forms of attention. Thus, many studies across many domains 

are required. The increasing availability of MEG should help facilitate this work over the 

next few years, as many new MEG sites are currently coming online. Finally, future studies 

should examine the impact of disease duration (time since diagnosis), CD4 nadir, substance 

abuse, and aging on HIV-related neural alterations, as these factors may be particularly 

important in understanding the pathophysiology and developing the most precise markers of 

HAND and its precursors.
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Figure 1: Modern Magnetoencephalography (MEG) System.
A whole-head MEG system equipped with 306 cortical sensors is shown. MEG instruments 

are generally housed in magnetically-shielded rooms to reduce interference from magnetic 

fields in the local environment.
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Figure 2. Beta Event-Related Desynchronizations (ERD) in Each Group.
Strong beta ERD responses in the left precentral gyrus, extending posterior to include areas 

of the postcentral gyrus were discerned in the statistical parametric maps (SPMs) of each 

group. Strong ERD responses in the supplementary motor area (SMA) and the right 

precentral gyrus were also apparent in the uninfected controls. Images are shown in 

neurological convention (Left = Left) and have been thresholded at (p < 0.001, cluster-

corrected). An image from the motor task is shown in the bottom left corner. Individuals 

made one movement when the red dot intersected area comprised of blue dots.

Wilson et al. Page 24

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2021 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Group Differences in Beta ERD Activity.
Uninfected adults exhibited significantly stronger beta ERD activity compared with HIV-

infected adults in the left precentral gyrus, SMA, and a small area of the right precentral 

gyrus (blue areas; p < 0.01, cluster-corrected). In contrast, HIV-infected adults had 

significantly stronger beta ERD responses in the right (orange areas; p < 0.01, cluster-

corrected). Again, an image of the task paradigm is shown in the lower left.
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Figure 4. Significant Theta (4–8 Hz) and Alpha (8–14 Hz) Neuronal Activity Following Tactile 
Stimulation to the Right Hand.
(Top): Uninfected controls (left) and HIV-infected adults (middle) exhibited theta responses 

in the left postcentral gyrus following mechanoreceptor stimulation, with the neural activity 

being stronger and more consistent in uninfected controls (note different P-value scales). 

The group effect (right; Controls > HIV-infected adults) was restricted to a small area of the 

left somatosensory cortex, and no brain areas had stronger 4–8 Hz activity in HIV-infected 

participants. Note the task design image in the top left corner. (Bottom): Uninfected controls 

exhibited a strong decrease in local alpha activity in the left prefrontal cortex (left) during 

the 0.01 – 0.26 s time window, whereas HIV-infected adults had a small increase in alpha 

activity in this same brain region (middle) and time window. Thus, the responses were in the 

opposite direction, which gave rise to a group effect of higher alpha activity in the HIV-

infected participants (right panel). Again, note the different scales for P-values across 

images.
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Figure 5. Somatosensory Gamma (20–75 Hz) Activity Following Electrical Stimulation.
(Top): HIV-infected adults exhibited reduced response power to somatosensory stimulation. 

Disease-related power differences in response to each electrical stimulation were seen in the 

relative power envelope for the 20–75 Hz band (far left). Two-sample t-tests revealed 

reduced response power to stimulation 1 (middle) 2 (far right) in HIV-infected adults 

compared to controls (*p < 0.05). (Bottom): HIV-infection modulated the peak gamma 

frequency in the somatosensory cortex (far left); a mixed-model ANOVA revealed a 

significant stimulation-by-group interaction, which indicated that HIV-infected adults had a 

higher peak gamma frequency in response to the second stimulation relative to controls (p = 

0.045). The time series extracted from the peak voxel and averaged across each group 

revealed elevated spontaneous neural activity immediately preceding stimulus onset in HIV-

infected adults (middle). Two-sample t-tests revealed significantly elevated gamma activity 

during the baseline period (−700 to −300 ms) in adults with HIV relative to controls (*p < 

0.05).
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Figure 6. Oscillatory Activity during Verbal Working Memory.
Group mean beamformer images for uninfected older adults (top) and demographically-

matched HIV-infected adults (bottom) are displayed across all time bins spanning the 

encoding (red labels), transition (white labels), and maintenance (blue labels) phases. An 

image of the task design is shown in the bottom right corner. Across both groups, there was 

a sustained decrease in alpha/beta oscillatory activity in left fronto-temporal cortices 

throughout most of the encoding and maintenance periods. This decrease began in posterior 

regions early in the encoding phase, and then spread anterior and superior to include 

language-related cortices in the left supramarginal and prefrontal areas during the latter half 

of encoding and early maintenance period. These responses slowly dissipated throughout the 

remainder of the maintenance phase.
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Figure 7. Group Oscillatory Differences during Working Memory Maintenance.
Statistical parametric maps showing group differences during the maintenance period, with 

the time windows containing significant effects listed in the parentheses under each image. 

(Top Left) HIV-infected adults had significantly stronger alpha decreases (hyper-activation) 

in the left supramarginal cortices from 2.2 to 4.2 s after the onset of the encoding grid, which 

corresponded to the majority of the maintenance period. (Top Right) Stronger alpha 

decreases (hyper-activation) in HIV-infected adults were also observed in the left inferior 

frontal gyrus from 2.6 to 3.4 s and from 4.2 to 5.0 s. (Bottom Left) Stronger alpha decreases 

in HIV-infected adults were also observed in the left cerebellum from 2.6 to 4.6 s; the group 

differences in the supramarginal and left inferior frontal gyrus can also be seen in this image. 

(Bottom Right) In contrast, uninfected adults exhibited stronger alpha decreases in the right 

IFG compared to HIV-infected adults, which is consistent with healthy aging studies 

showing recruitment of homologue cortices in the right hemisphere to aid in ongoing 

processing. All maps have been thresholded at (p < 0.01, corrected).
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Figure 8. Behavioral Results from Visuo-Spatial Processing and Selective Attention Tasks.
(Top): Images depicting the task design are shown to the far left, followed by reaction time 

(middle) and accuracy (right) results from the visuo-spatial task. In the bar graphs, 

participant group denoted on the x-axes. Reaction time (in milliseconds) is displayed on the 

y-axis of the graph in the middle, and accuracy (in % correct) is displayed on the y-axis of 

the graph to the right. Results indicated a clear stair-step effect whereby controls were 

significantly faster than unimpaired HIV-infected adults who were significantly faster than 

adults with HAND. As per accuracy, both controls and unimpaired HIV-infected adults were 

significantly more accurate than adults with HAND. (Bottom): As with the top, images 

depicting the task design are shown to the far left, with reaction time (middle) on the 

selective attention task in the middle. Data showing the flanker effect (Reaction time to 

Incongruent – Congruent trials) is shown to the far right. The results indicated that adults 

with HAND responded slower on both types of trials relative to both unimpaired HIV-

infected adults and uninfected controls (middle). As per the flanker effect, a stair-step 

pattern was observed whereby controls were faster than both groups and unimpaired HIV-

infected were faster than those with HAND (#p < .10, *p < .05, **p < .01).
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Figure 9. Visual theta responses are reduced in HIV-infection and HAND.
(Left): Peak voxel time series for each group; time (in millisecond) is denoted on the x-axis, 

with 0 ms defined as the onset of the visual stimulus, and relative amplitude (in % of 

baseline) denoted on the y-axis. Example task images are shown in the top left corner and 

the inlaid source map shows the peak-voxel locations used for pseudo-t extraction, along 

with its respective color scale legend. (Middle): Bar graph reveals extracted pseudo-t values 

averaged across participants per group, with significance levels of post-hoc statistical 

analyses indicated by asterisks above the bars (#p < .10, *p < .05, **p < .01). (Right): 
Group-wise relationships between oscillatory theta responses and task accuracy. Theta 

oscillatory activity (in pseudo-t) is shown on the y-axis and task accuracy (in % correct) on 

the x-axis. The three dashed lines of best-fit represent the group-wise relationships between 

these variables, with the color legend inlaid above. The solid black overlaid line of best-fit 

represents this relationship across all participants.
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Figure 10. Spontaneous Neural Activity is Increased in HIV-infection and HAND.
(Left): Peak voxel time series during a visuo-spatial processing task is separated by group 

for alpha (top) and gamma (bottom) on the far left. Time (in milliseconds) is denoted on the 

x-axes, with 0 ms defined as the onset of the visual stimulus, and absolute amplitude (in 

nAm) denoted on the y-axes. The inlaid maps show the peak-voxel location where data were 

extracted, along with its respective color scale legend. The bar graphs to the right represent 

pre-stimulus amplitude values averaged across participants per group, with significance 

levels of post-hoc statistical analyses indicated by asterisks above the bars (*p < .05, **p 
< .01). Spontaneous alpha distinguished the HAND group from the other two groups, while 

spontaneous gamma during the baseline distinguished controls from the other two groups. 

(Right): Peak voxel time series during a visual selective attention task is separated by group 

for alpha (top) and theta (bottom) activity. All axes are the same as above, except that the y-

axes show power (nAm2) instead of amplitude (nAm). As shown, alpha activity in the left 

superior frontal region differed between the HAND group and the other two groups, and the 

same was observed for theta activity in the left inferior frontal. Of note, spontaneous alpha in 

multiple regions distinguished all three groups (not shown).
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Figure 11. Group Differences in Theta and Alpha Activity Related to Visual Selective Attention.
(A) Whole-brain ANOVA of flanker interference activity (maps of Incongruent – Congruent 

trials) in the theta range showed significant group differences in the left inferior frontal 

gyrus, left dorsolateral prefrontal cortex, left temporoparietal junction, and the left inferior 

parietal cortex among uninfected controls, unimpaired HIV-infected adults, and adults with 

HAND. (B) Whole-brain ANOVA of alpha flanker interference activity across the same 

three groups revealed significant differences in the left superior frontal gyrus, left middle 

frontal gyrus, left supramarginal gyrus, left angular gyrus, and right dorsolateral prefrontal 

cortex. Both maps are shown at an alpha level of .05 (F > 4.3).
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Figure 12. Frontal Theta Activity Predicts Neuropsychological Performance.
(Left) Flanker interference activity (Incongruent – Congruent activity) in the left inferior 

frontal gyrus predicted executive function composite scores (p < .05). (Right) Flanker 

interference activity in the left dorsolateral prefrontal cortex predicted attention composite 

scores (p < .05).

Wilson et al. Page 34

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2021 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Magnetoencephalographic (MEG) Imaging: A Primer
	NeuroHIV in the cART Era
	Resting State & Reliability studies
	Motor Control & Processing
	Somatosensory Processing
	Working Memory
	Visual-Spatial Processing & Visual Attention

	Conclusions & Future Directions
	References
	Figure 1:
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.

