
Quiet Connections: Reduced Fronto-Temporal
Connectivity in Nondemented Parkinson’s Disease

During Working Memory Encoding

Alex I. Wiesman,1,2 Elizabeth Heinrichs-Graham,1,2 Timothy J. McDermott,1,2

Pamela M. Santamaria,3 Howard E. Gendelman,1 and Tony W. Wilson1,2,4*

1Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical
Center, Omaha, Nebraska

2Center for Magnetoencephalography, University of Nebraska Medical Center, Omaha, Nebraska
3Neurology Consultants of Nebraska, Omaha, Nebraska

4Department of Neurological Sciences, University of Nebraska Medical Center, Omaha, Nebraska

r r

Abstract: Parkinson’s disease (PD) is a common neurodegenerative disorder characterized primarily by
motor symptoms such as bradykinesia, muscle rigidity, and resting tremor. It is now broadly accepted
that these motor symptoms frequently co-occur with cognitive impairments, with deficits in working
memory and attention being among the most common cognitive sequelae associated with PD. While these
cognitive impairments are now recognized, the underlying neural dynamics and precise regions involved
remain largely unknown. To this end, we examined the oscillatory dynamics and interregional functional
connectivity that serve working memory processing in a group of unmedicated adults with PD and a
matched group without PD. Each participant completed a high-load, Sternberg-type working memory
task during magnetoencephalography (MEG), and we focused on the encoding and maintenance phases.
All data were transformed into the time–frequency domain and significant oscillatory activity was imaged
using a beamforming approach. Phase-coherence (connectivity) was also computed among the brain sub-
regions exhibiting the strongest responses. Our most important findings were that unmedicated patients
with PD had significantly diminished working memory performance (i.e., accuracy), and reduced func-
tional connectivity between left inferior frontal cortices and left supramarginal–superior temporal cortices
compared to participants without PD during the encoding phase of working memory processing. We con-
clude that patients with PD have reduced neural interactions between left prefrontal executive circuits
and temporary verbal storage centers in the left supramarginal/superior temporal cortices during the
stimulus encoding phase, which may underlie their diminished working memory function. Hum Brain
Mapp 37:3224–3235, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder
most commonly characterized by tremor, rigidity, akinesia
or bradykinesia, and postural instability [Jankovic, 2008].
Along with motor dysfunction, PD progression often results
in significant nonmotor deficiencies, including cognitive
impairments [Dubois and Pillon, 1996; Jankovic, 2008; Nar-
ayanan et al., 2013; Chiaravalloti et al., 2014]. One domain of
cognitive function that appears to be particularly affected is
working memory, as several studies have shown that
patients with PD exhibit significant deficits relative to age-
matched controls during various tasks that utilize working
memory [Morris et al., 1988; Owen et al., 1997; Lewis et al.,
2003; Chiaravalloti et al., 2014; Trujillo et al., 2015].
However, such findings are not entirely surprising, as
working memory is known to be critically dependent on
dopaminergic inputs to the prefrontal cortex (PFC),
and dysfunction in this circuit is a hallmark trait of PD
[Narayanan et al., 2013].

As a construct, working memory is often divided into
three distinct stages of processing, which include the encod-
ing of critical stimuli features, maintenance of the temporary
representation, and ultimately the retrieval of the representa-
tion for task performance [Baddeley, 1992]. A number of
studies have identified the neural architecture which sup-
ports working memory function in healthy subjects, and
increasingly, these findings have implicated alpha frequency
(8–12 Hz) activity as critical [Jensen et al., 2002; Jokisch and
Jensen, 2007; Jensen and Mazaheri, 2010; H€andel et al., 2011;
Bonnefond and Jensen, 2012; Roux and Uhlhaas, 2014]. In
particular, recent studies have identified oscillatory alpha
activity in regions of the left hemisphere (e.g., prefrontal cor-
tex) that are widely known to be involved in verbal working
memory processing [Cabeza and Nyberg, 2000; Rottschy
et al., 2012; Heinrichs-Graham and Wilson, 2015]. More
broadly, these studies and others have strongly supported
oscillatory analyses of population-level neuronal activity as
an essential tool in uncovering the spatiotemporal dynamics
of brain networks serving working memory processing
[Bonnefond and Jensen, 2012; Heinrichs-Graham and
Wilson, 2015; Proskovec et al., 2016; Wilson et al., 2016], as
well as potential biomarkers of the disease process in PD
and other neurological disorders [Levy et al., 2002; Brown,
2006; Heinrichs-Graham et al., 2014a, 2014b; Burciu et al.,
2015; Kurani et al., 2015; Wilson et al., 2015]. Specifically, sev-
eral previous studies have conducted oscillatory analyses on
noninvasive magnetoencephalography (MEG) measures of
population-level neural activity in patients with PD
[Bosboom et al., 2006; Stoffers et al., 2008; Pollok et al., 2009,
2013; Hirschmann et al., 2011; Litvak et al., 2012; Hirschmann
et al., 2013; Little et al., 2013; Oswal et al., 2013; Heinrichs-
Graham et al., 2014b; Burciu et al., 2015; Kurani et al., 2015],
but this work has focused on motor activity and little to no
insight has been provided into the oscillatory dynamics of
working memory dysfunction. In fact, no studies to date have
utilized MEG to examine working memory in PD.

In this study, we utilized high-density MEG to quantify
population-level neural oscillatory dynamics during verbal
working memory processing in a group of unmedicated
patients with PD and a closely matched group of healthy
controls. Importantly, this imaging method can provide the
temporal resolution necessary to differentiate the stages of
working memory (e.g., encoding and maintenance), as well
as adequate spatial resolution for identifying the critical
brain structures. To this end, we examined the local ampli-
tude of alpha oscillatory activity during task performance,
as well as the phase coherence (i.e., functional connectivity)
between brain regions serving task performance. We
hypothesized that patients with PD would exhibit signifi-
cant deficits in alpha oscillatory activity and/or functional
connectivity across a network of left-hemispheric brain
regions during verbal working memory processing.

MATERIALS AND METHODS

Participants

We enrolled 16 adults with PD and 17 adults without PD.
All participants except two were right-handed. The two
groups were matched on age, sex, ethnicity, and other demo-
graphic factors (see Results). All participants in this study
were native English speakers and fluent readers. All patients
with PD had been prescribed a regularly monitored dosage of
an antiparkinsonian medication for at least 2 months prior to
study enrollment, and had showed a satisfactory clinical
response to the particular antiparkinsonian medication regi-
men. Only participants with mild-to-moderate stage PD were
selected to participate in the study (Hoehn and Yahr score
between 1.5 and 3; [Hoehn and Yahr, 1967; Goetz et al.,
2004]). Parkinsonism was measured by a certified rater using
the Unified Parkinson’s Disease Rating Scale (UPDRS) in the
practically defined “off” state (i.e., following at least a 12-h
holiday from antiparkinsonian medications). All participants
performed the task early in the morning (i.e., 08:00–09:00),
and participants with PD performed the task a minimum of
12 h since their last dosage of antiparkinsonian medication.
Exclusionary criteria included any medical illness affecting
CNS function, neurological disorder (except PD), history of
head trauma, and current substance abuse. Participants with
PD who reported significant cognitive impairments, or whose
medical records suggested the presence of cognitive impair-
ments, were also excluded from the study. After complete
description of the study to participants, written informed con-
sent was obtained following the guidelines of the University
of Nebraska Medical Center’s Institutional Review Board,
which approved the study protocol.

Experimental Paradigm

Participants were seated in a nonmagnetic chair within
the magnetically shielded room (MSR) and instructed to fix-
ate on a cross-hair presented centrally. A 19 3 13 cm grid
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(width by height) containing six letters was then presented,
subtending a visual angle of approximately 10.28 horizon-
tally and 7.08 vertically, and remained on-screen for 2 s. The
letters then disappeared from the grid, and 3 s later, a single
probe letter appeared. Sixty-four groups of letters were
used, each with two different probe letters (a letter that was
in-set and a letter that was out-of-set). These groups of let-
ters were pseudorandomly organized such that all 64
appeared before any grouping appeared a second time, and
the second presentation was always separated from the first
by at least 50 letter grids. Participants were instructed to
respond via button-press as to whether the probe letter was
one of the six letters previously shown in the stimulus
encoding grid, and no feedback was provided regarding the
accuracy of their responses. Each trial lasted 6.9 s, including
a 1.0 s prestimulus fixation; see Figure 1 for an illustration of
the overall task design. Each participant completed 128 tri-
als, and the task lasted approximately 14 min. Measures of
accuracy (i.e., percent correct) and reaction time were
recorded and used for further analysis.

MEG Data Acquisition

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 MEG system with
306 magnetic sensors, including 102 magnetometers and
204 planar gradiometers (Elekta, Helsinki, Finland). Using
MaxFilter (v2.2.1; Elekta), MEG data from each subject

were individually corrected for head motion and subjected
to noise reduction using the signal space separation
method with a temporal extension [Taulu et al., 2005;
Taulu and Simola, 2006]. All analyses for this study were
focused on the data collected by the 204 gradiometers. For
motion correction, the position of the head throughout the
recording was aligned to the individual’s head position
when the recording was initiated.

MEG Coregistration and Structural

MRI Processing

Prior to MEG measurement, four coils were attached to
the subject’s head and localized, together with the three
fiducial points and scalp surface, with a 3-D digitizer (Fas-
trak 3SF0002, Polhemus Navigator Sciences, Colchester, VT,
USA). Once the subject 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
magnetic field and allowed each coil to be localized in refer-
ence to the sensors throughout the recording session. Since
coil locations were also known in head coordinates, all MEG
measurements could be transformed into a common coordi-
nate system. Each participant’s MEG data were then coregis-
tered with high-resolution structural T1-weighted MRI data
prior to the application of source space analyses (i.e., beam-
forming) using BESA MRI (Version 2.0). These neuroana-
tomic images were acquired with a Philips Achieva 3 T X-
series scanner using an eight-channel head coil and a 3D
fast-field echo sequence with the following parameters: TR:

Figure 1.

Sternberg-type working memory paradigm. Each trial was com-

posed of four periods: (1) a fixation period lasting 1.0 s, the last

0.4 s of which functioned as the baseline; (2) an encoding period

lasting 2.0 s and consisting of six letters presented simultaneously

within a grid; (3) a maintenance period lasting 3.0 s and consisting

of the same grid without any letters; and (4) a retrieval period

lasting 0.9 s and requiring participants to respond as to whether

the single-letter probe being presented was included in the origi-

nal encoding set. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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8.09 ms; TE: 3.7 ms; field of view: 24 cm; slice thickness:
1 mm with no gap; in-plane resolution: 1.0 3 1.0 mm; sense
factor: 1.5. The structural volumes were aligned parallel to
the anterior and posterior commissures and transformed
into standardized space. Following the beamformer analy-
ses, each subject’s functional images were transformed into
standardized space by using the transform that was previ-
ously applied to the structural MRI volume and spatially
resampled.

MEG Time–Frequency Transformation

and Statistics

Cardiac artifacts were removed from the data using
signal-space projection (SSP), which was accounted for dur-
ing source reconstruction [Uusitalo and Ilmoniemi, 1997].
The continuous magnetic time series was divided into
epochs of 6.9 s duration, with the baseline being defined as
20.4 to 0.0 s before initial stimulus onset (Fig. 1). Epochs
containing artifacts (e.g., eye blinks, muscle artifacts, eye
saccades, swallowing, coughing) were rejected based on a
fixed-threshold method, supplemented with visual inspec-
tion. An average of 81.82 (SD: 10.24) trials were used for fur-
ther analysis. The two groups (patients and controls) did not
statistically differ in the average number of trials that were
used for further analysis.

Artifact-free epochs were transformed into the time–fre-
quency domain using complex demodulation (resolution: 1.0
Hz, 50 ms; [Papp and Ktonas, 1976]), and the resulting spec-
tral power estimations per sensor were averaged over trials to
generate time–frequency plots of mean spectral density.
These sensor-level data were normalized by dividing the
power value of each time–frequency bin by the respective
bin’s baseline power, which was calculated as the mean
power during the 20.4 to 0 s time period. The specific time–
frequency windows used for imaging were determined by
statistical analysis of the sensor-level spectrograms across the
entire array of gradiometers during the 5 s “encoding” and
“maintenance” time windows (Fig. 1). 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, two-tailed one-sample t-tests
were conducted on each data point and the output spectro-
gram of t-values was thresholded at p< 0.05 to define time–
frequency bins containing potentially significant oscillatory
deviations across all participants. In stage two, time–fre-
quency bins that survived the threshold were clustered with
temporally and/or spectrally neighboring bins that were also
above the (p< 0.05) threshold, and a cluster value was
derived by summing all the t-values of all data points in the
cluster. Nonparametric permutation testing was then used to
derive a distribution of cluster values and the significance
level of the observed clusters (from stage one) were tested
directly using this distribution [Ernst, 2004; Maris and Oos-

tenveld, 2007]. For each comparison, at least 10,000 permuta-
tions were computed to build a distribution of cluster values.
Based on these analyses, the time–frequency windows that
contained significant oscillatory events across all participants
during the encoding and maintenance phases were subjected
to the beamforming analysis (see Results).

MEG Source Imaging and Statistics

Cortical networks were imaged through an extension of
the linearly constrained minimum variance vector beam-
former [Gross et al., 2001; Hillebrand et al., 2005; Van Veen
et al., 1997], which employs spatial filters in the frequency
domain to calculate source power for the entire brain vol-
ume. The single images are derived from the cross-spectral
densities of all combinations of MEG gradiometers averaged
over the time–frequency range of interest, and the solution
of the forward problem for each location on a grid specified
by input voxel space. This use of the cross-spectral densities
is often referred to as the dynamic imaging of coherent sour-
ces (DICS) beamformer [Gross et al., 2001]. Following con-
vention, we computed noise-normalized, source power per
voxel in each participant using active (i.e., task) and passive
(i.e., baseline) periods of equal duration and bandwidth
[Hillebrand et al., 2005]. Such images are typically referred
to as pseudo-t maps, with units (i.e., pseudo-t) that reflect
noise-normalized power differences (i.e., active vs passive)
per voxel. MEG preprocessing and imaging used the Brain
Electrical Source Analysis (BESA version 6.0) software.

Normalized differential source power was computed for
the selected time–frequency bands (see below), using a com-
mon baseline, over the entire brain volume per participant at
4.0 3 4.0 3 4.0 mm resolution. The effect of group was exam-
ined using a mixed effects analysis for the time–frequency
bins of interest, in which the fixed effect was the participant
groups (i.e., patients with PD and healthy controls) and the
random effect was the individual subjects. As with the
sensor-level analysis, a two-stage approach was used to con-
trol for Type 1 error, while maintaining reasonable sensitivity.
In the first stage, two-tailed two-sample t-tests were con-
ducted on the pseudo-t values per voxel and the output was
thresholded at p< 0.05 to create statistical parametric maps
(SPMs) showing clusters of potentially significant responses.
A cluster t-value was derived in stage two, for each cluster
surviving stage one, by summing all the t-values of all data
points (voxels) within the cluster. Subsequently, we used per-
mutation testing to derive a distribution of cluster t-values,
and tested the observed clusters for statistical significance
using this distribution [Ernst, 2004; Maris and Oostenveld,
2007]. For each comparison, at least 1,000 permutations were
computed to build a distribution of cluster t-values.

Functional Connectivity Analyses

Following initial analyses, we extracted virtual sensors
from the peak voxel in the three strongest left-hemispheric
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clusters of the beamformer maps. The peak voxels were
defined as the voxels with the maximum pseudo-t values
within each cluster. These voxels were selected using the
mean beamformer image across all participants and time
bins, but the same clusters were observed in the averaged
beamformer images of the encoding and maintenance
periods (i.e., separately) across all participants. To create
the virtual sensors, we applied the sensor weighting
matrix derived through the forward computation to the
preprocessed signal vector, which yielded a time series for
the specific coordinate in source space. Note that this vir-
tual sensor extraction was done per participant individu-
ally, once the coordinates of interest (i.e., one per cluster)
were known. The virtual sensor time series from each clus-
ter were then subjected to phase coherence analyses to
examine functional connectivity across this network of
brain regions.

To compute phase coherence, we extracted the phase-
locking value (PLV) using the method described by
Lachaux et al. [1999]. The virtual sensor signals were
band-pass filtered at 61.0 Hz, and their convolution was
computed using a complex Gabor wavelet centered at the
target frequency. We extracted the phase of the convolu-
tion for each time–frequency bin per trial, and then eval-
uated the phase relationships amongst pairs of brain
regions across trials to derive the PLV for the specific pair
of regions. These PLVs were then averaged across the fre-
quency range of interest. The PLV reflects the intertrial
variability of the phase relationship between pairs of brain
regions as a function of time. Values close to 1 indicate
strong synchronicity (i.e., phase-locking) between the two
voxel time series’ within the specific time–frequency bin
across trials, whereas values close to 0 indicate substantial
phase variation between the two signals, and thus, low
synchronicity (connectivity) between the two regions. To
examine connectivity differences between patients with PD
and controls, the phase coherence spectrograms were
baseline-corrected and examined using two-tailed two-
sample t-tests for each pair of brain regions as a function
of time. Briefly, we used the same two-stage statistical test-
ing approach as was used with the sensor- and source-
level analyses to control for Type 1 error. This included
two-sample t-tests on each data point, followed by permu-
tation testing on the clusters that survived the p< 0.05
threshold used in stage one.

RESULTS

Clinical and Behavioral Data

All participants completed the MEG working memory
task; however, two participants with PD and two partici-
pants without PD were excluded due to poor task perform-
ance. In addition, one further participant with PD was
discovered to have a depression diagnosis late in the study
and this participant was excluded from all behavioral and

MEG analyses. After exclusions, mean ages of the partici-
pants were 63.1 years for patients (range: 52–76; 3 females)
and 62.2 years for controls (range: 50–75; 4 females). This dif-
ference was not significant, t(26) 5 20.29 (p 5 0.77). Mean
disease duration among these participants with PD was 5.46
years (range: 1–9 years), and mean patient UPDRS scores
were 46.38 in the “off” state (range: 17–80). Further clinical
and demographic characteristics are detailed in Table I.

Consistent with previous reports [Morris et al., 1988;
Owen et al., 1997; Chiaravalloti et al., 2014], participants
with PD were significantly less accurate than those without
PD on the working memory task (t(26) 5 3.03, p 5 0.006).
The mean accuracy for controls was 81% (SD: 11.34%; range:
63–98%) and the mean accuracy for PD patients was 68%
(SD: 11.08%; range: 56–84%). Accuracy did not significantly
correlate with any of the demographic measures. Note that
only correct trials were used for the MEG analyses. There
were no significant differences in average reaction times
(RT) between groups (t(26) 5 20.35; p 5 0.73); however, RT
did positively correlate with age (r(26) 5 0.44; p 5 0.019).

Sensor-Level Analysis

Analysis of the sensor-level spectrograms in the encoding
and maintenance time periods showed a significant cluster
of decreased alpha (9–16 Hz) oscillatory activity that began
0.2 s after stimulus onset, and was sustained throughout the
duration of the encoding period in a large cluster of parieto-
occipital gradiometers (Fig. 2; p< 0.001, corrected). To exam-
ine these oscillations as a function of time, this significant
time window was divided into four nonoverlapping 0.4 s
time bins for the encoding phase (0.2–1.8 s) and one transi-
tion time bin from encoding to maintenance (1.8–2.2 s). Dur-
ing the maintenance period, the significant cluster of alpha
activity narrowed to 9–12 Hz and was sustained throughout
the maintenance phase (Fig. 2; p< 0.001, corrected) in
parieto-occipital sensors. This time window was also split
into nonoverlapping 0.4 s time bins (7 total; 2.2–5.0 s). These
findings are in broad agreement with a previous report
examining working memory in younger adults using MEG
[Heinrichs-Graham and Wilson, 2015]. All significant time
bins were subjected to a beamformer analysis to examine the
spatiotemporal dynamics of working memory between the
PD and control groups.

Beamformer Analysis

Sequential beamformer output images were computed for
the 12 time bins described in the sensor-level analyses using
the 9–16 Hz (encoding) and 9–12 Hz (maintenance) frequency
ranges and a common baseline period (20.4 to 0.0 s) of the
same bandwidth. To evaluate the neural dynamics serving
working memory performance, we initially examined the
time course of oscillatory activity in each group. These data
indicated a sharp decrease in 9–16 Hz activity that began
early in the encoding phase in the bilateral occipital cortices
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and cerebellum, and rapidly spread to left superior temporal
regions, supramarginal, and inferior frontal gyri (Fig. 3).
These decreases were largely sustained throughout the
encoding phase in left fronto-temporal regions, with the fron-
tal activity slowly dissipating during the second half of the

maintenance period. Overall, the spatiotemporal dynamics of
left fronto-temporal activity were generally similar in patients
with PD and demographically matched older controls (Fig.
3). Likewise, both groups also exhibited alpha synchroniza-
tion in the parieto-occipital cortices starting during the early
maintenance phase and continuing until retrieval. Mean-
while, oscillatory responses in the right hemisphere were of
much lower amplitude, largely restricted to homologue
regions in the right supramarginal and prefrontal cortices,
and were also comparable between the two groups. Overall,
these cortical dynamics of alpha desynchronization and syn-
chronization closely resembled those found in an earlier
study of young adults [Heinrichs-Graham and Wilson, 2015].

Next, the pseudo-t maps from each participant per
time–frequency bin were examined for group effects using
two-tailed two-sample t-tests, with each comparison being
subjected to permutation testing to control for multiple
comparisons. Interestingly, after controlling for multiple
comparisons at a threshold of p 5 0.05, no significant oscil-
latory amplitude differences were observed between
patients with PD and the control group during any time
bin of the encoding or maintenance periods.

Functional Connectivity Analysis

As described in the methods, we extracted virtual sen-
sors from the peak voxel in three clusters that showed the
largest responses across all participants and time bins.
These included the left dorsal prefrontal cluster (LPFC),
the left supramarginal gyrus/superior temporal cluster
(LSTC), and the left inferior frontal cluster (LIFC; Fig. 4).
Phase-locking values were computed between these three
regions for the entire time course using the 9–16 Hz
frequency band. These values per node pair were then
baseline corrected and subjected to two-tailed, two-sample
t-tests with follow-on permutation testing to control for

Figure 2.

Group-averaged time–frequency spectra during working memory

processing. Time (in seconds) is denoted on the x-axis, with 0 s

defined as the onset of the encoding grid. Frequency (Hz) is

shown on the y-axis. All signal power data is expressed as a per-

cent difference from baseline (20.4 to 0 s), with the color

legend shown to the far right. Data represent a group-averaged

gradiometer sensor that was near the parietal–occipital region

in each participant (the same sensor was selected in all partici-

pants). As is apparent, alpha/beta activity in this brain area

strongly decreased (i.e., desynchronized) during the encoding

phase, then shifted toward robust increases (i.e., synchroniza-

tion) in a more narrow (alpha) band during the maintenance

phase. Time periods with significant oscillatory activity (relative

to baseline) were subjected to beamforming in 0.4 s nonoverlap-

ping time bins. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE I. Clinical and demographic characteristics

Subject ID
Age

(years) Sex
Disease

duration (years) UPDRS off
Affected

side (R/L) PD medications (type, dose)

p01 69 M 3 52 – CD/LD (50/200 mg)
p02 70 M 5.5 37 L Rasagiline, Pram
p03 76 M 4 64 L Rasagiline (1 mg), CD/LD (50/200 mg)
p04 61 M 4 23 L Ropinirole (1 mg)
p05 60 M 1 51 R Ropinirole (1 mg)
p06 72 F 9 17 L Ropinirole
p07 54 F 8 48 R Pram (2 mg), Rasagiline (1 mg)
p08 64 F 8 49 – Ropinirole (2 mg), Rasagiline (1 mg)
p09 66 M 3 73 L Rasagiline (1 mg), CD/LD (25/100 mg)
P10 52 M 9 80 R CD/LD, Ropinirole
p11 52 M 6 24 R Ropinirole (8 mg)
p12 60 M 3 49 – CD/LD (25/100 mg), Aman (200 mg)
p13 64 M 7 36 L CD/LD (25/100 mg), Aman

Pram 5 pramipexole, CD/LD 5 carbidopa/levodopa, Aman 5 amantadine.
M 5 male, F 5 female, R 5 right, L 5 left.
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Type 1 error, similar to the analyses previously performed
on sensor- and source-level data (see Methods). No signifi-
cant differences in phase-locking values were found
between groups for the LIFC–LPFC or the LPFC–LSTC
pathways during any time period. However, phase-
locking between the LIFC and LSTC was significantly
weaker in patients with PD relative to controls during
much of the encoding phase, stretching from 0.3 to 1.6 s
(p 5 0.008, corrected; Fig. 5). In other words, patients with
PD had reduced connectivity relative to healthy controls
between the left inferior frontal cortices and left supramar-
ginal/superior temporal cortices that began shortly (0.3 s)
after the encoding grid appeared and continued until
almost the end of the encoding period (Fig. 5). To ensure
that these encoding differences were not due to baseline
differences in the PLV between groups, we also conducted
the same analyses using the absolute PLV, and our results
were virtually identical (p 5 0.008). Furthermore, we exam-
ined the absolute PLV during the baseline period for
group effects and found no significant differences. Finally,
for completeness, we also computed connectivity using the
9–12 Hz range, as this was the passband of interest during

the maintenance phase; the results for 9–12 Hz were also
identical to those for 9–16 Hz.

DISCUSSION

Herein, we investigated the neural oscillatory dynamics
that underlie working memory function in Parkinson’s dis-
ease. As hypothesized, unmedicated patients with PD
exhibited significantly lower accuracy on the working
memory task as compared to matched controls, suggesting
a deficiency in working memory-related cognitive func-
tion. Most importantly, consistent with our hypothesis of a
deficit in left-hemispheric fronto-temporal circuitry, we
observed a significant reduction in alpha-frequency func-
tional connectivity between the left inferior frontal cortices
and left supramarginal/superior temporal cortices in
patients with PD compared to controls. This reduced con-
nectivity began 0.3 s after stimulus presentation and per-
sisted through most of the encoding phase of the working
memory task. Of note, both these brain regions are known
to be critical for verbal working memory function [Cabeza
and Nyberg, 2000; Rottschy et al., 2012; Heinrichs-Graham

Figure 3.

Temporal dynamics of alpha oscillations in the left hemisphere.

Group mean beamformer images (pseudo-t) of the encoding

(red; 9–16 Hz), transition (white; 9–16 Hz), and maintenance

(blue; 9–12 Hz) periods are shown for each 0.4 s time bin from

0.2 s after stimulus presentation until the onset of the retrieval

phase. Although mean alpha amplitudes differed slightly between

groups in some early (0.2–1.0 s) and late (3.4–5.0 s) time-

frames, these differences did not approach significance. [Color

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

wileyonlinelibrary.com.]
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and Wilson, 2015]. In contrast to the connectivity findings,
there were no differences in the amplitude of oscillatory
responses between the two groups, which is very interest-
ing and indicates the importance of our connectivity
findings.

Working memory is generally understood to be made-
up of several semidiscrete functional components. Briefly,
a central executive component serves attention and coordi-
nates information processing [Baddeley, 1992, 2000, 2012].
The actual memory representations are thought to be tem-
porarily stored based on their spatial or verbal features,
with the verbal features being processed by a so-called
phonological loop that maintains language-related memory
representations, and has been strongly linked to activity in
the superior temporal/supramarginal cortices [Paulesu
et al., 1993; Cabeza and Nyberg, 2000; Rottschy et al.,
2012]. Likewise, spatial and nonverbal stimuli are thought
to be processed by a so-called visuospatial sketchpad and

involve parietal cortices. Together with the episodic buffer
(another component), which acts to integrate related stim-
uli across space and time, working memory serves the
temporary storage, manipulation, and integration of
incoming stimuli of interest, prior to transfer to long-term
memory or degradation. Viewed in the capacity of this
working memory model, the neural oscillatory patterns
that we observed support that verbal working memory
function is served by a widespread left-hemispheric cir-
cuit, and that connectivity in this circuit is significantly
impaired in persons with PD during the encoding phase.

Oscillatory alpha activity strongly decreased in the left
prefrontal and inferior frontal cortices about 1.0 s after
onset of the encoding grid in both groups, and this
decrease started to dissipate during maintenance. These
cortices have classically been associated with attentional
processes and executive functioning [Smith and Jonides,
1999; Petersen and Posner, 2012; Stuss and Knight, 2013],

Figure 4.

Mean beamformer images used for regional peak selection. A

mean beamformer image averaged across all participants and

time bins (top) was utilized for identifying peak clusters and the

peak voxel within each cluster, which were then subjected to

connectivity analyses. The three peak regions included the left

dorsal prefrontal cluster (LPFC), the left supramarginal gyrus/

superior temporal cluster (LSTC), and the left inferior frontal

cluster (LIFC). These left-hemispheric peaks were also observed

in the mean image (across all participants) of only the encoding

period (bottom left; 9–16 Hz), and in the mean image of the

maintenance period (bottom right; 9–12 Hz). Note that the

large posterior peak in the encoding period is the visual

response elicited by the stimulus presentation, and was not

included in connectivity analyses. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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and neuronal activity in this area likely serves executive
level processing. For example, attention to incoming stim-
uli features and coordination among the relevant brain
regions would be necessary to manipulate and maintain
representations during the maintenance period. Many pre-
vious fMRI studies have found that the left prefrontal and
inferior frontal regions of the brain are particularly impor-
tant for working memory tasks in humans [Smith and
Jonides, 1999; Liu et al., 2009; Rottschy et al., 2012; Perl-
stein et al., 2014]. During the same temporal window, a
similar pattern of strong alpha decreases was observed in
the left supramarginal gyrus/superior temporal region in
each group. These regions have been implicated as critical
to the functioning of the phonological loop component of
working memory by fMRI meta analyses [Cabeza and
Nyberg, 2000; Rottschy et al., 2012], which would be in
agreement with our findings, as well as that of an earlier
MEG working memory paper [Heinrichs-Graham and Wil-
son, 2015]. Strengthening this claim, several studies have
connected alpha decreases (i.e., event-related desynchroni-
zation, or ERD) to fMRI BOLD activation [Brookes et al.,
2005; Formaggio et al., 2008; Scheeringa et al., 2011] and
our study would support the same link between alpha
activity and activation in the fMRI sense. In summary, we
observed alpha decreases in prefrontal and inferior frontal
areas serving executive processing during encoding and

maintenance, concurrent with neuronal activity in the left
supramarginal and superior temporal regions serving lan-
guage processing, phonological loop, and rehearsal opera-
tions. These spatiotemporal dynamics were generally
comparable between patients with PD and controls, which
was partially surprising given our hypotheses and the sig-
nificant differences in working memory performance.

Although no significant differences in oscillatory ampli-
tude were found between patients with PD and controls, a
significant reduction in left-hemispheric functional connec-
tivity was observed in the PD group during the encoding
period, and this was clearly our most important finding.
This reduction in functional connectivity occurred between
the LIFC and LSTC in patients with PD, and began during
early encoding and continued until near the onset of main-
tenance. As discussed previously, inferior frontal regions
have been linked to executive processing and attention
function, while supramarginal/superior temporal cortices
have been associated with the phonological loop component
of working memory, and language processing more gener-
ally. Thus, the current results indicate that functional com-
munication between neural regions that serve executive
processing and those thought to store memory representa-
tions of verbal stimulus features was significantly impaired
during the encoding phase of working memory processes,
signifying a deficit in the ability of working memory

Figure 5.

Connectivity time course for the left inferior frontal and left

superior temporal clusters. Mean baseline-corrected phase-lock-

ing value for connectivity between the left inferior frontal cluster

(LIFC) and the left supramarginal gyrus/superior temporal clus-

ter (LSTC) in the 9–16 Hz frequency band is shown on the y-

axis. Time appears on the x-axis in seconds (s). The connectivity

time course for patients with PD is shown in red, whereas that

for controls appears in blue. As shown in the gray area, connec-

tivity significantly diverged between groups during early encod-

ing, and this difference lasted for the majority of the encoding

phase, with controls having significantly stronger phase-

coherence (connectivity) relative to patients with PD (0.3–1.6 s;

p 5 0.008). Note that the negative phase-locking values (patients

only) indicate time points where connectivity between these

regions was weaker than that observed during the baseline

period (20.4 to 0.0 s). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

r Wiesman et al. r

r 3232 r

http://wileyonlinelibrary.com


networks in patients with PD to effectively interact and
transmit information during a pivotal stage of cognitive
processing. Presumably, such interactions during the encod-
ing phase serve to load the to-be-remembered features into
temporary storage (i.e., phonological loop), and to initiate
rehearsal processes that are needed to maintain the fidelity
of the temporary representations. A breakdown at this stage
would have significant consequences for performance,
which would be consistent with our behavioral results. It is
important to note that although we found impaired func-
tional connectivity in the patients with PD during encoding,
no significant differences in amplitude or connectivity were
observed between groups during the maintenance of the
stimulus features. This strongly implies that the mainte-
nance phase of working memory remains relatively intact
in PD, and that the behavioral deficits are likely a result of
fewer stimuli features being successfully loaded into tempo-
rary storage at the encoding phase.

Aberrant patterns of functional connectivity have
recently emerged as a topic of interest in understanding
the pathological oscillatory dynamics of PD, and studies
have found abnormal connectivity patterns during the
resting-state [Berendse and Stam, 2007; Pollok et al., 2009;
Hirschmann et al., 2011; Litvak et al., 2011; Hacker et al.,
2012; Tessitore et al., 2012; Heinrichs-Graham et al., 2014a;
Dubbelink et al., 2014; Rektorova et al., 2014] and during
motor function [Jahanshahi et al., 2010; Litvak et al., 2012;
Hirschmann et al., 2013; Little et al., 2013]. Furthermore,
several of these studies have connected aberrant functional
connectivity to disease progression in PD [Berendse and
Stam, 2007; Dubbelink et al., 2014]. Interestingly, many
regions that have been linked to these abnormal connectiv-
ity patterns are known to exhibit aberrant dopaminergic
activity as a result of the disease, among them the prefron-
tal cortices [Narayanan et al., 2013]. Our findings comple-
ment these earlier studies, as the significant deficit in
connectivity that we observed in patients with PD
involved the left inferior frontal cortices, a prefrontal
region known to be affected by dopaminergic depletion in
PD. It is unclear, however, how dopamine would precisely
interfere with connectivity between this region and supra-
marginal/superior temporal regions. Future studies should
examine whether this deficit in connectivity is in-fact a
result of dopaminergic dysfunction by utilizing pharmaco-
MEG techniques and reinstating quasi-normal dopamine
function in this region (i.e., by administering levodopa,
etc.). Interestingly, dopaminergic projections from the sub-
stantia nigra to the striatum are those most substantially
affected in PD, and lesions of the nigrostriatal pathway in
mice have been shown to alter receptor expression in
inhibitory interneurons of the prefrontal cortex [Gui et al.,
2011]. Furthermore, firing-rate precision in some cortico-
striatal neurons has been found to be reliant on the activ-
ity of dopaminergic receptors [Pawlak and Kerr, 2008].
Reductions in such precision could theoretically produce
the deficits that we found in phase coherence (connectiv-
ity) involving the prefrontal cortices in PD.

Only recently have researchers attempted to temporally
dissect the source of working memory impairments in PD, in
an effort to determine the affected phase. One recent behav-
ioral study by Chiaravalloti et al. [2014] found that, when
compared to matched controls, participants with PD had a
lowered ability to learn and remember a list of 10 semanti-
cally related words. However, once sufficient training was
implemented (i.e., once the groups were equated for learning
ability), the two groups performed equally well, signifying
that the previously reported deficits lie in the acquisition and
not the retrieval of these verbal stimuli. Our findings strongly
support the notion that working memory impairments in PD
are a result of acquisition deficits, and may be a direct reper-
cussion of reduced functional connectivity between prefron-
tal and supramarginal areas during encoding. Furthermore,
we found no group differences on MEG measures during the
maintenance phase, and this included the widely reported
parieto-occipital alpha synchronization, which is thought to
be a mechanism by which memory representations are pro-
tected against incoming visual information [Jensen et al.,
2002; Jokisch and Jensen, 2007; Jensen and Mazaheri, 2010;
H€andel et al., 2011; Bonnefond and Jensen, 2012]. We propose
that such occipital activity is normal in PD, but that encoding
deficits preclude all six stimuli (letters) from being success-
fully established as temporary representations.

Although our current findings provide critical new insight
regarding the oscillatory dynamics and neural connectivity
deficits during working memory processing in PD, it is
important to reference the limitations of our study. First, the
symptomatology of PD varies greatly across patients, so the
findings of this study likely highlight the most substantial
effects, and future studies of verbal working memory in PD
might use a larger sample size to uncover more subtle differ-
ences. Second, our study focused on verbal working mem-
ory and thus we cannot comment on whether similar
deficits exist for spatial working memory; however, recent
fMRI evidence supports the idea of deficient functional con-
nectivity during a visuospatial working memory task in
patients with PD [Trujillo et al., 2015]. In addition, it would
be beneficial to implement a number of variations on the
task design in future studies, to observe possible differences
related to memory load and response delay on the strength
of oscillatory dynamics and connectivity in patients with
PD. Despite these limitations, this study contributes critical
new data on the neural mechanisms that underlie working
memory impairments in patients with PD.
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