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Abstract: Combination antiretroviral therapy transformed human immunodefiency virus (HIV)-infec-
tion from a terminal illness to a manageable condition, but these patients remain at a significantly ele-
vated risk of developing cognitive impairments and the mechanisms are not understood. Some
previous neuroimaging studies have found hyperactivation in frontoparietal networks of HIV-infected
patients, whereas others reported aberrations restricted to sensory cortices. In this study, we utilize
high-resolution structural and neurophysiological imaging to determine whether alterations in brain
structure, function, or both contribute to HIV-related cognitive impairments. HIV-infected adults and
individually matched controls completed 3-Tesla structural magnetic resonance imaging (sMRI) and a
mechanoreception task during magnetoencephalography (MEG). MEG data were examined using
advanced beamforming methods, and sMRI data were analyzed using the latest voxel-based mor-
phometry methods with DARTEL. We found significantly reduced theta responses in the postcentral
gyrus and increased alpha activity in the prefrontal cortices of HIV-infected patients compared with
controls. Patients also had reduced gray matter volume in the postcentral gyrus, parahippocampal
gyrus, and other regions. Importantly, reduced gray matter volume in the left postcentral gyrus was
spatially coincident with abnormal MEG responses in HIV-infected patients. Finally, left prefrontal and
postcentral gyrus activity was correlated with neuropsychological performance and, when used in con-
junction, these two MEG findings had a sensitivity and specificity of over 87.5% for HIV-associated
cognitive impairment. This study is the first to demonstrate abnormally increased activity in associa-

Contract grant sponsor: NIH; Contract grant number: P30
MH062261 (to H.S.F.) and R01 MH103220 (to T.W.W.); Contract
grant sponsor: Kinman-Oldfield Award (University of Nebraska
Medical Center) to T.W.W.

*Correspondence to: Tony W. Wilson, Ph.D., Center for
Magnetoencephalography, University of Nebraska Medical Cen-
ter, 988422 Nebraska Medical Center, Omaha, NE 68198. E-mail:
tony.w.wilson@gmail.com

Received for publication 1 May 2014; Revised 22 August 2014;
Accepted 17 October 2014.

DOI: 10.1002/hbm.22674
Published online 6 November 2014 in Wiley Online Library
(wileyonlinelibrary.com).

r Human Brain Mapping 36:897–910 (2015) r

VC 2014 Wiley Periodicals, Inc.



tion cortices with simultaneously decreased activity in sensory areas. These MEG findings had excel-
lent sensitivity and specificity for HIV-associated cognitive impairment, and may hold promise as a
potential disease marker. Hum Brain Mapp 36:897–910, 2015. VC 2014 Wiley Periodicals, Inc.

Key words: HIV-associated neurocognitive disorder; cognitive disorders; biomarker; AIDS; magnetoen-
cephalography; oscillation
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INTRODUCTION

Combination antiretroviral therapy (cART) has shifted
the nature of human immunodefiency virus (HIV)-infec-
tion from a terminal illness to a chronic manageable condi-
tion with a life expectancy that has gradually approached
that of seronegative persons [Antiretroviral Therapy
Cohort Collaboration, 2008; Nakagawa et al., 2013]. How-
ever, HIV-infected patients remain at a significantly
increased risk of developing HIV-associated neurocogni-
tive disorders (HAND), with 35–70% of all patients
(treated and untreated) exhibiting at least subtle impair-
ments on tests of neuropsychological function [Antinori
et al., 2007; Cysique and Brew, 2009; Gannon et al., 2011;
Heaton et al., 2010, 2011; Robertson et al., 2007; Sacktor
et al., 2002; Simioni et al., 2010; Tozzi et al., 2007]. Patients
with HAND are more likely to be unemployed, have
greater problems with medication adherence, and have
lower quality of life [Albert et al., 1995; Heaton et al., 1994,
2004; Kaplan et al., 1995; Marcotte et al., 2004; van Gorp
et al., 1999]. Thus, the economic and societal burdens of
HIV/AIDS are accentuated by cases of HAND.

Recent structural magnetic resonance imaging (sMRI)
studies of patients with mild to moderate HAND have
shown volumetric reductions in neocortical regions of the
frontal, parietal, and temporal lobes, as well as subcortical
structures and the cerebellum [Cardenas et al., 2009;
Cohen et al., 2010; Jernigan et al., 2011; Letendre et al.,
2010; Thompson et al., 2005]. sMRI studies have also
found abnormally reduced white matter volume, increased
ventricular volume, and evidence that progressive gray
matter volume losses in HIV-infected patients continue for
at least 2 years following cART initiation [Cardenas et al.,
2009; Cohen et al., 2010]. However, although these studies
have suggested a degenerative course, the overall impact
of these processes on neuronal function is less clear. Sev-
eral functional MRI (fMRI) studies have investigated neu-
ral activation during strenuous working memory and
attention tasks in uninfected controls and HIV-infected
patients with and without HAND. These studies have
shown that HIV-infected patients exhibit greater activation
and/or larger load-dependent increases in activation rela-
tive to uninfected controls within the prefrontal and parie-
tal regions that serve task performance [Chang et al., 2001,
2004, 2008; Ernst et al., 2002, 2009]. In other words, the
amplitude of neural responses in these brain areas monot-
onically increased as task difficulty increased in HIV-
infected patients (impaired and unimpaired) while

controls exhibited decreased activation with increasing
task difficulty, likely due to practice effects [Chang et al.,
2001, 2004, 2008; Ernst et al., 2009]. These findings may
indicate that HIV-infected patients have decreased profi-
ciency in such tasks, which requires them to use compen-
satory processing for successful performance. However, it
must be noted that these activation differences (HIV-infec-
ted> controls) have been almost entirely restricted to the
association cortices (e.g., prefrontal, parietal, etc.), and
other work has shown that the opposite pattern (HIV-
infected< controls) may exist in primary sensory regions.
Essentially, Ances et al. have shown decreased activation
in occipital cortices during a visual stimulation task using
fMRI, and reduced resting cerebral-blood-flow to the same
visual regions using arterial spin labeling (ASL-MRI) in
HIV-infected patients relative to uninfected controls
[Ances et al., 2009, 2010, 2011]. These studies focused on
occipital cortices and did not directly evaluate activity in
association areas, which complicates any direct compari-
son to the fMRI investigations that examined working
memory and attention [Chang et al., 2001, 2004, 2008;
Ernst et al., 2002, 2009]. In summary, some neuroimaging
studies of HIV-infection have shown abnormal hyperacti-
vation in the association cortices and others have found
aberrant hypoactivation in modality-specific regions, but
no studies have demonstrated both patterns of activation
in the same group of HIV-infected patients. Likewise,
some sMRI investigations have found gray matter reduc-
tions to be much more severe in the primary sensory
regions of HIV-infected patients [Thompson et al., 2005],
whereas others have found structural abnormalities to be
more widespread in association cortices [Cardenas et al.,
2009].

In this study, we utilized a multimodal neuroimaging
approach to examine regional gray matter volume and
cortical neurophysiological activity in a group of HIV-
infected patients and a matched group of older uninfected
controls. Specifically, high-density magnetoencephalogra-
phy (MEG) was used to quantify neural oscillatory activity
during a mechanoreceptor stimulation task. MEG is a non-
invasive and direct measure of neurophysiological activity
with excellent temporal resolution and good spatial preci-
sion. The method quantifies the minute magnetic fields
that naturally emanate from electrical activity in popula-
tions of active neurons. MEG data were transformed into
the time-frequency domain, and significant oscillatory
responses were imaged using advanced beamformer meth-
odology. In addition, we conducted voxel-based
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morphometry (VBM) using the latest methods (e.g., DAR-
TEL) on high-resolution 3T sMRI data, which generated
regional gray matter volume measures that could be exam-
ined statistically to identify brain areas with significant
between-group volumetric disparities. Our primary goals
in this study were to determine whether hypoactivation in
modality specific regions and hyperactivation in association
cortices, relative to uninfected controls, could be observed
in a single group of HIV-infected patients who were under-
going the same experiment during MEG. Moreover, we
wanted to evaluate the spatial overlap between structural
abnormalities and deficits in neuronal function in a group
of HIV-infected patients who were chronically infected and
receiving effective cART. Finally, we aimed to determine
the sensitivity and specificity of our primary MEG indices
for HAND. Based on the available neuroimaging literature,
we hypothesized that HIV-infected patients would exhibit
hypoactivation in somatosensory cortices, hyperactivation
in prefrontal association cortices, and have reduced gray
matter volume in multiple brain regions.

MATERIALS AND METHODS

Participant Selection

We evaluated 17 HIV-infected adults (4 females) and 17
uninfected healthy controls (4 females). Participants in the
control group were individually matched to HIV-infected
participants in regards to age, sex, ethnicity, and handed-
ness. At enrollment, all HIV-infected participants were
receiving cART and all but one had undetectable viremia
(<20 copies/mL). Exclusionary criteria included any preex-
isting major psychiatric or neurological disorder, active
brain infection (except HIV-1), presence of brain neoplasm
or space-occupying lesion, history of head trauma, current
substance abuse, and the MEG Laboratory’s standard exclu-
sion criteria (e.g., orthodontic braces, extensive dental work,
ferromagnetic implants, pacemakers, etc.). Written informed
consent was obtained following the guidelines of the Uni-
versity of Nebraska Medical Center’s Institutional Review
Board, who reviewed and approved the study protocol.

Neuropsychological Assessments

All HIV-infected participants completed a battery of
neuropsychological tests to evaluate overall cognitive func-
tioning; published normative data were used for compari-
son purposes [Heaton et al., 2004]. This battery was
sensitive, tested multiple domains, yet was relatively brief,
and adhered to the recommendations of the Frascati con-
sensus [Antinori et al., 2007]. The battery assessed multiple
functional domains, including gross motor (timed gait),
fine motor (grooved pegboard), language (WRAT 4 read-
ing), verbal learning and memory (Hopkins Verbal Learn-
ing Test – Revised; HVLT-R), speed of processing
(Trailmaking-A, digit symbol), attention and working
memory (Paced Auditory Serial Addition Task), and

executive functioning (verbal fluency, Stroop, and Trail-
making-B). All raw scores were transformed to
demographically-adjusted z-scores for the assessment of
HAND and the neurobehavioral correlation analyses (see
Table I). These correlations were conducted on a subset of
the neuropsychological metrics and the MEG data (see
below), with the selection of this subset being done a pri-
ori based on the distribution of scores across participants
and the cognitive domain probed by individual measures.

Experimental Paradigm

Throughout the experiment, participants were seated in
a custom chair within the magnetically-shielded room
(MSR) with their head positioned in the helmet-shaped
MEG sensor array. Participants were instructed to remain
still with both arms resting on a tray attached to the chair
body while a unilateral tactile stimulation was applied to
the pad of the second digit of the right hand using a small
airbladder (see Fig. 1). For each participant, more than 140
trials were collected using an interstimulus interval that
varied randomly between 3.0 and 5.5 s.

Structural Magnetic Resonance Imaging

High-resolution neuroanatomic images were acquired
using a Philips Achieva 3T X-series scanner. The

Figure 1.

Tactile stimulation device. Participants were seated in a custom

MEG chair with both arms resting on a tray attached to the

chair body. Mechanoreceptors within the pad of the second digit

of the right hand were stimulated using a small airbladder that

was encased in plastic housing and clipped onto the index finger.

A plastic red hose connected the airbladder to a pneumatic

delivery system that was located outside the MSR. [Color figure

can be viewed in the online issue, which is available at wiley

onlinelibrary.com.]
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T1-weighted sagittal images were obtained with an eight
channel head coil using a 3D fast field echo sequence with
the following parameters: TR 5 8.1 ms; TE 5 3.7 ms; field
of view: 24 cm; matrix: 256 3 256; slice thickness: 1 mm
with no gap; in-plane resolution: 0.9375 3 0.9375 mm;
sense factor: 1.5. The structural volumes were used for
MEG coregistration and analyses of local gray matter vol-
ume using VBM.

Voxel-Based Morphometry

Structural MRI data were analyzed using the Statistical
Parametric Mapping software (SPM8; Wellcome Trust
Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk)
and the VBM8 toolbox (http://dbm.neuro.uni-jena.de/
vbm.html). Within the same generative model, images
were corrected for magnetic field inhomogeneities and
noise, and tissue was classified into gray matter, white
matter, and cerebrospinal fluid. Tissue segmentation was
enhanced by accounting for partial volume effects [Tohka
et al., 2004] and by applying adaptive maximum a posteri-
ori estimations [Rajapakse et al., 1997]. The segmentation
procedure also benefitted from two denoising methods;
the spatially adaptive nonlocal means denoising filter
[Manj�on et al., 2010], which removes noise while preserv-
ing edges, and the classical Markov random field
approach, which incorporates spatial prior information of
adjacent voxels into the segmentation estimation [Raja-
pakse et al., 1997]. The resulting gray matter image was
then spatially normalized using the DARTEL algorithm
(Diffeomorphic Anatomical Registration Through Expo-
nentiated Lie algebra; part of the VBM8 toolbox), which
involves linear transformation (12 parameter affine) and
high dimensional warping [Ashburner, 2007].

The warped gray matter images were divided by the
nonlinear components (but not the linear components)
derived from the normalization matrix. This step functions
to preserve the actual gray matter values locally, while
accounting for individual differences in overall brain size
via proportional scaling. In other words, this method of
modulating the gray matter images allows one to derive
the absolute volume of local tissue (i.e., gray matter), cor-
rected for individual differences in brain size. These modu-
lated gray matter volume images were smoothed with a
Gaussian kernel of 8 mm full-width at half maximum, and
examined statistically using a mass univariate approach
based on the general linear model. Essentially, a two sam-
ple t-test was conducted on each voxel in the brain to
examine local gray matter volume differences. To avoid
possible edge effects between different tissue types, all vox-
els with gray matter values <0.1 were excluded (absolute
threshold masking). Statistical results were thresholded at
P< 0.001 and adjusted for multiple comparisons using a
spatial extent threshold (cluster restriction), which was cal-
culated directly from the data according to the theory of
Gaussian random fields. Clusters showing significant

between-group differences were described using the auto-
mated anatomical labeling template in Montreal Neurologi-
cal Institute (MNI) space [Tzourio-Mazoyer et al., 2002].

MEG Data Acquisition and sMRI Coregistration

All recordings were conducted in a one-layer MSR with
active shielding engaged. With an acquisition bandwidth
of 0.1–330 Hz, neuromagnetic responses were sampled
continuously at 1 kHz using an Elekta Neuromag system
with 306 magnetic sensors, including 204 planar gradiome-
ters and 102 magnetometers (Elekta, Helsinki, Finland).
Using MaxFilter (v2.1.15; Elekta), MEG data from each
participant were individually corrected for head motion
and subjected to noise reduction using the signal space
separation method with a temporal extension [tSSS; Taulu
et al., 2005; Taulu and Simola, 2006].

Prior to MEG measurement, four coils were attached to
the participant’s head and the locations of these coils,
together with the three fiducial points and scalp surface,
were determined with a 3-D digitizer (Fastrak 3SF0002,
Polhemus Navigator Sciences, Colchester, VT). Once the
participant was positioned for MEG recording, an electric
current with a unique frequency label (e.g., 322 Hz) was
fed to each of the coils. This induced a measurable mag-
netic field and allowed each coil to be localized in refer-
ence to the sensors throughout the recording session. As
coil locations were also known in head coordinates, all
MEG measurements could be transformed into a common
coordinate system. With this coordinate system (including
the scalp surface points), each participant’s MEG data was
coregistered with their native space T1-weighted sMRI
data for source space analyses. sMRI data were aligned
parallel to the anterior and posterior commissures and
were later transformed into standard space using BESA
MRI (Version 2.0; BESA GmbH, Gr€afelfing, Germany).

MEG Preprocessing, Time-Frequency Transfor-

mation, and Statistics

Cardio-artifacts were removed from the data using
signal-space projection and the projection operator was
accounted for during source reconstruction [Uusitalo and
Ilmoniemi, 1997]. Artifact rejection was based on a fixed
threshold method, supplemented with visual inspection.
Epochs were of 1.3 s duration (20.6 to 0.7 s), with 0.0 s
defined as stimulation onset and the baseline being the
20.5 to 0.0 s window. For each participant, at least 115
artifact-free epochs remained for further analysis.

Artifact-free epochs were transformed into the time-
frequency domain using complex demodulation [resolution:
2.0 Hz, 25 ms; Hoechstetter et al., 2004; Papp and Ktonas,
1977], and the resulting spectral power estimations per sen-
sor were averaged over trials to generate time-frequency
plots of mean spectral density. These data were normalized
by dividing the power value of each predetermined time-
frequency bin by the respective bin’s baseline power, which
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was calculated as the mean power during the 20.5 to 0.0 s
time period. This normalization allowed task-related power
changes to be readily visualized in sensor space.

The specific time-frequency windows used for imaging
were determined by statistical analysis of the spectrograms
corresponding to each of the 204 gradiometer-type sensors.
The spectrograms of each group were examined separately
because we have previously shown that HIV-infected and
uninfected participants can exhibit strong neural responses
in opposing directions [i.e., increases versus decreases;
Wilson et al., 2013a]. Such responses would not be detecta-
ble in an across-group statistical analysis. Each data point
in the 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 was followed
to control for Type 1 error. In the first stage, one-sample t-
tests were conducted on each data point and the output
spectrogram of t-values was thresholded at P< 0.05 to
define time-frequency bins containing potentially signifi-
cant oscillatory deviations across participants in each
group. In stage two, time-frequency bins that survived the
threshold were clustered with temporally and/or spec-
trally neighboring bins that were also above the (P< 0.05)
threshold, and a cluster value was derived by summing all
of the t-values of all data points in the cluster. Nonpara-
metric permutation testing was then used to derive a dis-
tribution of cluster-values and the significance level of the
observed clusters (from stage one) was tested directly
using this distribution [Ernst, 2004; Maris and Oostenveld,
2007]. For each comparison, at least 10,000 permutations

were computed to build a distribution of cluster values.
Based on these analyses, the time-frequency windows that
contained significant oscillatory events in each group were
derived and subjected to the beamforming analysis. The
two time-frequency bins of interest (see Results) were each
significant in a cluster of neighboring gradiometers. We
defined the precise time-frequency parameters using the
single sensor with the highest t-value, but the results
would have been identical had we used any of the gradi-
ometers surrounding the peak sensor.

MEG Source Imaging and Statistics

Using the time-frequency windows determined by the
analysis described above, cortical networks were imaged
through an extension of the linearly constrained minimum
variance vector beamformer [Gross et al., 2001; Liljestr€om
et al., 2005; van Veen et al., 1997], which uses spatial filters
in the frequency domain to calculate source power for the
entire brain volume. The single images are derived from
the cross spectral densities of all combinations of MEG
sensors 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. Following con-
vention, the source power in these images was normalized
per participant using a separately averaged prestimulus
noise period of equal duration and bandwidth [van Veen
et al., 1997]. In principle, the beamformer operator gener-
ates a spatial filter for each grid point, which passes sig-
nals without attenuation from the given neural region
while minimizing interference from activity in all other

Figure 2.

Gray matter volume reductions in HIV-infected participants. (A)

HIV-infected patients had significantly reduced gray matter vol-

ume relative to uninfected controls in the left postcentral gyrus

(green areas; P< 0.001, corrected). This area of reduced gray

matter spatially overlapped with the maximal postcentral gyrus

MEG response in HIV-infected patients (Fig. 3, middle panel).

(B) Significantly reduced gray matter volume was also found in

the right cerebellum, left parahippocampal gyrus, bilateral lingual

gyri, left middle temporal area near the occipitotemporal notch,

and an area of the right postcentral gyrus. Lines in the orthogo-

nal image (far right) indicate the placement of shown sagittal

(top) and axial (bottom) slices in the volume. All images are

shown in neurological convention (left 5 left) and at the same

threshold (P< 0.001, corrected). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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brain areas. The properties of these filters are determined
from the MEG covariance matrix and the forward solution
for each grid point in the image space, which are used to
allocate sensitivity weights to each sensor in the array for
each voxel in the brain [for a review, see Hillebrand et al.,
2005]. MEG preprocessing and imaging used the Brain
Electrical Source Analysis software (BESA version 6.0;
BESA GmbH, Gr€afelfing, Germany).

Normalized source power was computed for the selected
frequency bands over the entire brain volume per partici-
pant at 4.0 3 4.0 3 4.0 mm resolution. Prior to statistical
analysis, each participant’s functional images, which were
coregistered to native space neuroanatomical images for
beamforming, were transformed into standardized space
using the transform previously applied to the structural
MRI volume and spatially resampled. The resulting 3D
maps of brain activity were statistically evaluated using a
mass univariate approach based on the general linear
model. Briefly, the effect of group was examined using a
random effects analysis for the time-frequency bins of inter-
est, whereas one-sample t-tests were conducted to probe
activation patterns in each group. All output statistical
maps were displayed as a function of alpha level.

RESULTS

Participant Demographics, Laboratory Test, and

Neuropsychological Results

Mean age was 56.82 years-old (range: 50–70) in the HIV-
infected group and 57.77 years-old (range: 50–69) in the
control group. This difference did not approach signifi-
cance (P 5 0.65; Table I). The mean duration of HIV diag-
nosis was 17.12 years (range: 9–24), and the average length
of antiretroviral treatment was 13.35 years (range: 4–21).
The mean CD41 T-cell count was 748 cells/mm3 (range:
280–1391) at the time of study and the mean CD41 nadir
was 180 cells/mm3 (range: 0–428). One participant had a

viral load of 281 copies/mL and all other participants had
undetectable viremia. Of the 17 HIV-infected participants,
nine scored in the impaired range on at least two domains
of the neurocognitive battery [Antinori et al., 2007].

VBM Analyses of Gray Matter Volume

Statistical results were thresholded at P< 0.001 and
adjusted for multiple comparisons using a spatial extent
threshold (i.e., k 5 71), which was calculated directly from
the data based on the theory of Gaussian random fields
within the SPM8 framework. As shown in Figure 2, compari-
son of regional gray matter volumes revealed a significant
group effect in multiple brain regions. Specifically, HIV-
infected participants had significantly reduced gray matter
volume compared to controls in the left postcentral gyrus,
left parahippocampal and lingual gyri, left middle temporal
area (near the occipitotemporal notch), right lingual gyrus,
right cerebellum, and inferior aspects of the right postcentral
gyrus (Table II). In contrast, the reverse comparison (HIV-
infected>uninfected) yielded no significant voxels indicating
that HIV-infected participants did not have more regional
gray matter in any brain region compared to controls.

MEG Sensor-Based Time-Frequency Analyses

Sensor level spectrograms were statistically examined using
nonparametric permutation testing to derive the precise time-
frequency bins for follow up beamforming analyses. The
results showed significant (P< 0.05; corrected) theta oscilla-
tory responses in a subset of gradiometers near the left senso-
rimotor cortex in each group, which stretched from 4–8 Hz
during the 0.01 to 0.26 s time window (0.0 s5 stimulation
onset). In addition, uninfected participants exhibited signifi-
cant oscillatory activity in the alpha/low-beta band (8–14 Hz)
during the same 0.01 to 0.26 s time window (P< 0.05; cor-
rected), which was concentrated in MEG sensors near the left
prefrontal region. These time-frequency bands, and a window
of equal bandwidth and duration from the baseline period,
were independently imaged using beamforming to derive the
spatial location of significant oscillatory responses associated
with tactile stimulation.

MEG Beamforming Analyses

Theta activity (4–8 Hz)

Stimulation on the pad of the second digit of the right
hand produced a sharp increase in 4–8 Hz neural activity
in the left postcentral gyrus of each group. These neural
responses were stronger and more consistent in uninfected
controls compared to HIV-infected participants, which
resulted in a stronger task effect in control participants
(Fig. 3). In each group, the peak voxel was posterior and
slightly lateral to the motor hand knob feature of the left
precentral gyrus [Yousry et al., 1997], which is consistent
with activity in neural populations serving

TABLE II. Voxel-based morphometry (VBM): peak

coordinates

Effect Anatomical label
MNI coordi-
nates (x,y,z) t-value

Group effect: Left postcentral gyrus 248 220 40 4.31
HIV-infected
< controls

Left middle temporala 244 260 1 4.94

Left lingual gyrus 227 249 25 4.18
Left parahippocampal 229 243 27 4.02
Right lingual gyrus 26 249 29 4.82
Right cerebellum crus 1 21 284 226 5.22
Right postcentral gyrus 62 213 27 3.84

Group effect: No significant clusters
HIV-infected
> controls

All peaks were significant at P< 0.001, cluster-corrected
aNear the occipitotemporal notch.
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mechanoreception of the right hand, and near the area of
reduced gray matter volume in HIV-infected participants.
The group effect showed significantly weaker 4–8 Hz
activity in the left postcentral gyrus of HIV-infected partic-
ipants; see Figure 3 for a P-map of group differences (peak
MNI coordinates: 251, 221, 50).

Alpha activity (8–14 Hz)

Uninfected participants had strongly decreased alpha
activity within the left prefrontal cortex during the 0.10 to
0.26 s time window (Fig. 4; P< 0.001; corrected), whereas
HIV-infected participants exhibited increased alpha in this
same brain region. Thus, neural responses were in the
opposite direction across groups and this gave rise to a
significant group effect of greater alpha activity in

HIV-infected participants (Fig. 4; P< 0.001, corrected; peak
MNI coordinates: 249, 34, 13).

Sensitivity and Specificity of MEG Responses

To calculate the sensitivity and/or specificity of a test, a
binary outcome is required (i.e., positive or negative)
which is problematic for continuous experimental meas-
ures like MEG. Essentially, one must first establish a cutoff
score or threshold, and then use this to categorize individ-
ual participants as positive or negative on the particular
test. For this study, we extracted the peak voxel amplitude
value of each participant in the brain areas where signifi-
cant group differences were observed in the 4–8 Hz (left
postcentral gyrus) and 8–14 Hz (left prefrontal cortex)
oscillatory responses. We then derived the mean value for

Figure 3.

Significant theta (4–8 Hz) neuronal activity following tactile stim-

ulation to the right hand. Uninfected controls (left) and HIV-

infected participants (middle) exhibited robust activity in the left

postcentral gyrus in response to mechanoreceptor stimulation,

with neural activity being stronger and more consistent in unin-

fected controls (notice different scale for P-values). The group

effect (right image; Controls>HIV-infected participants) was

restricted to a small area of the left somatosensory cortex, and

no brain areas had stronger 4–8 Hz activity in HIV-infected par-

ticipants. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4.

Prefrontal Alpha (8–14 Hz) Abnormalities in HIV-infected Partici-

pants. Uninfected controls showed 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 participants exhibited

a small increase in alpha activity in this same brain region (mid-

dle) and time window. Thus, these neural responses were in the

opposite direction across groups, which gave rise to a strong

group effect of higher alpha activity in the HIV-infected partici-

pants (right panel). Notice the different scales for P-values

across images. These data and Figure 3 highlight the distinct

nature of HIV-associated abnormalities in the primary sensory

and association cortices. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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each neural response using these peak voxels across all 34
participants and separately across the 17 HIV-infected par-
ticipants, and used these values to calculate the sensitivity
and specificity for HIV-infection and HIV-associated cogni-
tive impairment, respectively.

Initially, we examined the sensitivity and specificity of
MEG measures to HIV-infection. Our goal in performing
this calculation was simply to evaluate whether there were
subthreshold neurological changes associated with HIV-
infection that could be detected with MEG, but not with
neuropsychological testing. For the left postcentral gyrus
theta response, the sensitivity and specificity for HIV-
infection were both 76.5%. For left prefrontal alpha activity,
the sensitivity and specificity for HIV-infection were both
82.4%. Next, we evaluated the utility of using the two MEG
responses in conjunction by defining a “hit” as abnormal
activity on both measures (i.e., left postcentral gyrus and
prefrontal cortex). Using this combined approach, the

sensitivity to HIV-infection was 88.2% (i.e., 2 false nega-
tives) and the specificity was 100% (i.e., no false positives).

We also calculated the sensitivity and specificity of our MEG
findings for cognitive impairment (i.e., HAND) using data
from HIV-infected participants only. For the 4–8 Hz left post-
central gyrus response, the sensitivity for cognitive impairment
was 77.8% and the specificity was 62.5%. For the left prefrontal
response, the sensitivity was 66.7% and the specificity was
62.5%. Finally, using the two MEG responses in conjunction
and defining a “hit” as abnormal activity on both, we found
that the sensitivity for HAND was 88.9% (i.e., 1 false-negative)
and the specificity was 87.5% (i.e., 1 false-positive).

Neuropsychological Metrics, Age, CD4, and MEG

Correlations

We conducted a series of Pearson-correlation analyses to
examine possible relationships between MEG measures of

Figure 5.

Correlation of MEG metrics with neuropsychological assessments

and age. In all panels, scores on neuropsychological assessments are

shown in demographically-adjusted z-scores. The amplitude of 4–8

Hz neural activity in the left postcentral gyrus was significantly

(P< 0.01) correlated with performance on the Digit Symbol task in

HIV-infected participants (top-left panel). There was also a signifi-

cant (P< 0.01) negative correlation between prefrontal alpha activ-

ity and performance on the Grooved Pegboard task, and the

retention and delayed-recall indices of HVLT-R in HIV-infected

participants (top-right panel). In all cases, these correlations indicate

that superior neuropsychological performance was associated with

brain responses that were similar to those seen in controls. Finally,

there was a significant negative correlation between age and

response amplitude in the left postcentral gyrus of controls

(P< 0.001; bottom panel), but not HIV-infected participants

(P 5 0.34). The color legend for each panel appears on the top

right. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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neural activity, VBM measures of local gray matter vol-
ume, age, duration of HIV-infection (i.e., time since diag-
nosis), CD41 T-cell count at the time of study and nadir,
duration of antiretroviral treatment, and neuropsychologi-
cal metrics in HIV-infected participants. To this end, we
used the peak voxel value in each brain region where sig-
nificant group differences were found for MEG and VBM
metrics, and the demographically-adjusted participant
scores on neuropsychological assessments of memory
function (delayed-recall and retention indices of the
HVLT-R), fine motor control (dominant hand score of
Grooved Pegboard task), speed of processing (digit sym-
bol), and executive functioning (color-word interference
time on the Stroop task). The selection of this subset of
tests was done a priori based on the distribution of scores
across participants and the cognitive domain probed by
each assessment. All statistical tests were two-tailed and,
since these analyses were restricted to brain regions where
significant group differences were observed, we did not
correct P-values for multiple comparisons (e.g., using the
Bonferroni method).

Performance on the digit symbol task was correlated
with the peak amplitude of theta responses in the left
postcentral gyrus, r(17) 5 0.61 (P< 0.01) in HIV-infected
participants (see Fig. 5). Likewise, the peak amplitude of
alpha activity in the left prefrontal cortices was signifi-
cantly correlated with performance on the delayed recall
measure of the HVLT-R, r(17) 5 20.598 (P< 0.01), the
retention index of the HVLT-R, r(17) 5 20.605 (P< 0.01),
and the dominant hand score of the Grooved Pegboard
test, r(17) 5 20.684 (P< 0.001; Fig. 5). MEG indices did not
correlate with performance on any other neuropsychologi-
cal assessment, and VBM metrics did not correlate with
scores on any neuropsychological scale. CD41 T-cell
counts at the time of the MEG recording were not corre-
lated with the amplitude of neural activity in the left post-
central gyrus or prefrontal cortex, nor the volume of local
gray matter, but CD41 nadir was significantly correlated
with the amplitude of alpha activity in the left prefrontal
cortex, r(17) 5 20.63 (P< 0.01). In addition, the duration of
HIV diagnosis, r(17) 5 20.52 (P< 0.05) and the duration of
antiretroviral treatment, r(17) 5 20.57 (P< 0.05) were both
correlated with the amplitude of theta activity in the left
postcentral gyrus; although it should be noted that the
durations of infection and treatment were themselves
strongly correlated, r(17) 5 0.70 (P< 0.01). Lastly, age was
significantly correlated with the amplitude of activity in
the left postcentral gyrus of uninfected controls,
r(17) 5 20.69 (P< 0.001), but not HIV-infected participants
(P 5 0.34; Fig. 5).

DISCUSSION

We examined regional gray matter volume and cortical
neurophysiological activity during a mechanoreceptor
stimulation task in HIV-infected older adults and a
matched group of uninfected controls using multimodal

neuroimaging. Our primary results indicated that HIV-
infected patients had significantly reduced neuronal
responses in the modality-specific left postcentral gyrus,
and stronger oscillatory activity (8–14 Hz) in left prefrontal
association regions compared to uninfected controls. These
results were consistent with our primary hypothesis and
were the first demonstration of functional abnormalities in
both sensory and association cortices of a single HIV-
infected group, which is a critical contribution to the litera-
ture. HIV-infected participants also had significantly
reduced gray matter volume in several brain regions,
including the left postcentral gyrus, left parahippocampal
gyrus, bilateral lingual gyri, and other areas. Interestingly,
the area of reduced gray matter in the left postcentral
gyrus was spatially coincident with the maximal 4–8 Hz
MEG response in the HIV-infected group. Moreover, the
amplitude of neural oscillatory activity in the left postcen-
tral gyrus was positively correlated with scores on the
digit symbol task in HIV-infected patients, which indicates
that superior digit symbol performance was associated
with sensory responses that were more like controls.
Meanwhile, oscillatory alpha activity in the left prefrontal
region was negatively correlated with performance on
memory measures of the HVLT-R and scores on the
grooved pegboard test in HIV-infected participants, which
again links better neuropsychological performance to neu-
ral activity like that seen in controls. Finally, we evaluated
the sensitivity and specificity of our primary MEG metrics
to HAND. These analyses showed that when used in con-
junction, the amplitude of our two MEG metrics had excel-
lent sensitivity (88.9%) and specificity (87.5%) for HAND.
Below, we discuss the implications of these findings for
understanding the pathophysiology of HAND and more
generally for neuroimaging studies in HIV disease.

In response to mechanoreceptor stimulation, HIV-
infected patients exhibited significantly weaker theta (4–8
Hz) responses in the left postcentral gyrus and stronger
alpha (8–14 Hz) activity in the left prefrontal cortices. To
our knowledge, this is the first report of abnormal neuro-
nal activity in the primary somatosensory cortices of HIV-
infected patients, although others have found reduced
activity in primary visual and extrastriate cortices during
visual stimulation [Ances et al., 2009, 2010, 2011]. Thus,
diminished primary sensory responses are a consistent
finding in the neuroAIDS literature and appear to stretch
across multiple sensory systems. In this study, the peak
postcentral gyrus response in HIV-infected participants
overlapped with an area of significantly reduced gray mat-
ter volume. This structural finding is consistent with a pre-
vious study that used cortical thickness analysis in HIV-
infected patients [Thompson et al., 2005], but how such
structural abnormalities contribute to local differences in
neuronal function remains unknown. Essentially, there is
evidence that reduced gray matter volume is associated
with greater fMRI activation during reading in dyslexic
adults relative to normal readers [Casanova et al., 2007], as
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well as the reverse findings (i.e., positive correlation) of
increased gray matter and fMRI hyperactivation in the
somatosensory cortices of synaesthetes [Holle et al., 2013],
and reduced gray matter and brain perfusion in the same
brain areas of heroin addicts [Denier et al., 2013]. Our find-
ings support a positive correlation between gray matter vol-
ume and local neural activity, but future studies will need
to better characterize this relationship. Beyond sensory rep-
resentations in the somatosensory cortex, we found
increased alpha activity in the left prefrontal region in HIV-
infected patients compared with controls. This finding cor-
roborates our previous study of motor planning networks
[Wilson et al., 2013b], and is consistent with the fMRI stud-
ies showing abnormal hyperactivation during working
memory and attention tasks in the prefrontal cortices of
HIV-infected patients [Chang et al., 2001, 2004, 2008; Ernst
et al., 2002, 2009]. In regard to the role of this brain
response in sensory processing, we propose that it reflects a
decline of anticipation following the onset of mechanore-
ceptor stimulation. Basically, our interstimulus interval
ranged from 3 to 5.5 s and this wide range likely caused
participants to attend to the stimulation and actively expect
the next onset. In controls, this resulted in a sharp decline
of activity in the left prefrontal cortex following stimulus
onset, which is consistent with our findings in this group.
In contrast, HIV-infected patients exhibited a moderate
increase in prefrontal alpha shortly after stimulus onset
(i.e., 0.01 to 0.26 s), which may reflect attention deficits
and/or abnormal anticipatory responses. It is also plausible
that reduced activity in the postcentral gyrus results in a
poor stimulus registration, and that this prefrontal abnor-
mality is a secondary effect due to prolonged local process-
ing in somatosensory cortex and/or later transmission
latency. In other words, lower sensory systems may trans-
mit insufficient data about incoming stimuli to higher atten-
tion and working memory systems, which inherently
degrades ongoing processing in these brain networks. Inter-
estingly, we observed a strong negative correlation between
alpha amplitude in the prefrontal cortices and performance
on memory measures of the HVLT-R and the grooved peg-
board test (dominant hand). This correlation indicated that
those with the weakest prefrontal alpha response had the
best memory and grooved pegboard performance, which
makes sense given the sharp decline in prefrontal alpha
that was observed in controls.

HIV-infected patients also had abnormal gray matter
volumes in several brain regions relative to uninfected
controls. As mentioned above, patients had reduced gray
matter in the left postcentral gyrus, which spatially over-
lapped with their sensory MEG response, and areas of the
right postcentral gyrus and cerebellum. Severe cerebellar
atrophy in HIV-infected rats [Abe et al., 1996] and humans
[Klunder et al., 2008] has been previously shown and may
contribute to the well known impairments in psychomotor
skill. Our finding of reduced cerebellar volume in crus I of
HIV-infected patients is consistent with previous work
[Klunder et al., 2008]. HIV-infected patients also had

significantly reduced gray matter volume in the left para-
hippocampal gyrus and bilateral lingual gyri. Like other
medial temporal areas, these brain regions are known to
be critical for memory formation and basic input–output
memory functions [Bastin et al., 2013; Leshikar et al., 2012;
Sulpizio et al., 2013]. Thus, these abnormalities may reflect
the impaired performance that is commonly noted on
memory scales of the HVLT-R, which is a test known to
be sensitive to HAND [Carey et al., 2004; Woods et al.,
2005]. Similar structural abnormalities have been reported
in HIV-infected patients [Cardenas et al., 2009], although
another study found no gray matter differences in this
region [Thompson et al., 2005]. This discrepancy may
reflect sample-specific differences as patients in the
Thompson study were significantly younger, had been
diagnosed more recently, and only half were receiving
cART at the time of study [Thompson et al., 2005]. Impor-
tantly, they found that parahippocampal gray matter was
significantly correlated with cognitive impairment; those
with the thinnest cortex in this region had the greatest
impairments (Thompson et al.). Finally, HIV-infected
patients had reduced gray matter volume in a patch of
cortex near the occipital temporal notch, which has been
associated with language function in healthy adults [Wil-
son et al., 2005a, 2005b, 2007].

Although MEG investigations of HIV-infection remain
rare, the method has already shown substantial promise in
biomarker development for HAND and this study pro-
vides further evidence and a major step toward this long
term goal. In particular, each of our MEG metrics showed
good sensitivity and specificity for HAND when used in
isolation. Furthermore, when the two MEG metrics (i.e.,
peak amplitude of left postcentral gyrus and prefrontal
cortices) were used in conjunction, the sensitivity and
specificity for HAND climbed to 89% and 88%, respec-
tively. These values are excellent and indicate that MEG
metrics can serve as powerful classifiers in the context of
HAND and HIV-associated neural alterations. We propose
that this specific conjunction analysis may capture the crit-
ical pattern of functional abnormalities that others have
reported [i.e., hyperactivation in association cortices and
hypoactivation in sensory areas; Chang et al., 2001, 2004,
2008; Ernst et al., 2002, 2009], and that this may underlie
the superior classification accuracy. However, caution is
warranted as our sample size, while reasonably large for a
MEG study, is relatively small for analyses of sensitivity
and specificity, which are more common in clinical trials
where the sample size can reach into the hundreds or
thousands. Importantly, there is also recent evidence that
MEG measures have excellent test-retest reliability after
approximately 24 weeks in both HIV-infected patients and
controls [Becker et al., 2012a], which of course is a critical
property for any biomarker of disease. Finally, MEG meas-
ures of functional connectivity during the resting state
have also shown promise in distinguishing HIV-infected
and uninfected participants [Becker et al., 2012b], and
combining connectivity measures with those used here
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could further improve MEG-based classification. Collec-
tively, these and other MEG studies [Becker et al., 2013]
complement our findings and provide substantial support
for the potential utility of MEG as a future test for HAND.
Nonetheless, additional independent studies are clearly
needed to buttress these initial findings and until then our
results remain tentative.

In summary, we quantified cortical neurophysiological
activity during mechanoreceptor stimulation using MEG,
and regional gray matter volume using VBM in HIV-
infected patients and uninfected controls. Our primary
findings were that HIV-infected patients had reduced
neuronal activity and gray matter volume in the left post-
central gyrus, and increased oscillatory alpha activity in
the left prefrontal cortices relative to uninfected controls.
These data support previous fMRI studies of HIV-
infection that showed hypoactivation in primary visual
areas or hyperactivation in association areas, and are the
first to demonstrate aberrations in both sensory and asso-
ciation cortices in the same study. Our MEG metrics were
also tightly correlated with performance on neuropsycho-
logical assessments in HIV-infected patients. Lastly, it is
important to identify possible limitations in generalizing
our findings to other HIV neuroimaging studies. All of
our patients were receiving cART during the study, and
at this time, the effects of antiretroviral therapy on the
MEG signal are unknown. Another possible factor that
may limit the generalizability of this study is that all of
our patients had relatively high CD41 counts, which may
influence behavioral and imaging measurements. We also
studied only older adults and our findings cannot be
directly generalized to younger patients who may have
been infected for a shorter period of time. Finally, our
somatosensory task did not activate all brain regions
where we identified deficits in gray matter volume, and
consequently we cannot comment on neuronal function in
these other brain areas. Future studies should use differ-
ent cognitive tasks and investigate larger sample sizes
with wider age ranges.
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