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Abstract

Deficits in reward anticipation are putative mechanisms for multiple psychopathologies. Research
indicates that these deficits are characterized by reduced left (relative to right) frontal
electroencephalogram (EEG) activity and blood oxygenation level-dependent (BOLD) signal
abnormalities in mesolimbic and prefrontal neural regions during reward anticipation. Although it
is often assumed that these two measures capture similar mechanisms, no study to our knowledge
has directly examined the convergence between frontal EEG alpha asymmetry and functional
magnetic resonance imaging (fMRI) during reward anticipation in the same sample. Therefore, the
aim of the current study was to investigate if and where in the brain frontal EEG alpha asymmetry
and fMRI measures were correlated in a sample of 40 adults. All participants completed two
analogous reward anticipation tasks — once during EEG data collection and the other during fMRI
data collection. Results indicated that the two measures do converge and that during reward
anticipation, increased relative left frontal activity is associated with increased left anterior
cingulate cortex (ACC)/medial prefrontal cortex (mPFC) and left orbitofrontal cortex (OFC)
activation. This suggests that the two measures may similarly capture PFC functioning, which is
noteworthy given the role of these regions in reward processing and the pathophysiology of
disorders such as depression and schizophrenia.
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Abnormal reward processing is a hallmark feature of several psychopathologies (Beck et al.,
2009; Figee et al., 2011; Scheres et al., 2007), but is most often implicated in major
depressive disorder (MDD) and schizophrenia (Choi et al., 2013; Gard et al., 2007;
Pizzagalli et al., 2009a; Wacker et al., 2009; see Bylsma et al., 2008 for a review). For
instance, numerous studies have shown that relative to healthy controls, individuals with
MDD and schizophrenia exhibit reduced reward expectancies (Pause et al., 2003;
Premkumar et al. 2008), abnormal physiological reactivity to reward (Pizzagalli et al.,
2009a; De Leeuw et al., 2015), and attenuated positive affect during reward attainment
(Berenbaum et al., 1992; Kring & Barch, 2014); as well as broad processing deficits of
positive stimuli (Dalili et al., 2014).

The heterogeneity of these findings underscores the fact that reward processing is a broad
construct and can be divided into at least two distinct, temporal components — reward
anticipation and reward consummation (Berridge & Robinson, 2003; Gard et al., 2006). It
has long been argued that reduced reward anticipation (i.e., a diminished tendency to expect
and/or approach rewards,), in particular, is a core symptom of several psychopathologies
including depression and schizophrenia (Davidson, 1998; Meehl, 1975). This premise has
been supported by several behavioral and psychophysiological studies (Kring & Barch,
2014; Shankman et al., 2013) and recently, data has directly suggested that the broad
reward-related abnormalities seen in these disorders are primarily driven by deficits in
reward anticipation and not reward consummation (Engel, Fritscke, & Lincoln, 2013;
Sherdell et al., 2012).

To date, the neural processes underlying reduced reward anticipation have been empirically
examined in several ways, which has unfortunately led to relatively separate literatures. For
decades, researchers have used asymmetry in electroencephalogram (EEG) activity between
right and left frontal brain regions (i.e., increased activity in the left frontal region relative to
the right frontal region; Davidson, 1994, 1998) as an indicator of reward sensitivity (and
approach motivation more broadly). Power in the alpha band of the EEG signal has been
argued to reflect an inverse measure of brain activity that captures both state and trait
affective processes (Allen et al., 2004; Hagemann et al., 2005; Henriques & Davidson,
1991). Using this measure, it has repeatedly been demonstrated that individuals with MDD
and individuals at risk for MDD display reduced relative left frontal activity during rest
(Stewart et al., 2010; Tomarken et al., 2004; Shankman & Klein, 2003) and during
anticipation of rewards (Shankman et al., 2007, 2013) compared with healthy controls.
Although the EEG asymmetry literature is smaller in schizophrenia, some studies have also
reported reduced relative left frontal activity in those with schizophrenia relative to controls
(Horan et al., 2014). As such, abnormal frontal EEG asymmetry has been proposed as a
potential psychophysiological indicator of reduced reward anticipation (Shankman et al.,
2013; Stewart et al., 2011).

In more recent years, with the significant advancement of neuroscience techniques, there has
been a proliferation of research on the neural correlates of reduced reward anticipation using
functional magnetic resonance imaging (fMRI). These studies have most often implicated
the mesolimbic dopaminergic pathway in reward anticipation (Haber & Knutson, 2010),
which originates in the ventral tegmental area (VTA) and projects to the nucleus accumbens
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(NAcc) of the ventral striatum, the dorsal striatum, amygdala, and medial prefrontal cortex
(Knutson et al., 2001; Tsurugizawa et al., 2012). Several fMRI studies have demonstrated
that individuals with MDD and schizophrenia display reduced activation in mesolimbic
regions during reward anticipation relative to healthy controls (Grimm et al., 2014; Smoksi
et al., 2009; Pizzagalli et al., 2009b). It is important to note, however, that there have been
some mixed findings in this literature. For instance, two separate studies have found that
compared with controls, individuals with depression exhibit enhanced anterior cingulate
cortex (ACC) activation during anticipation of reward, yet relatively normal mesolimbic
activation (Gorka et al., 2014; Knutson et al., 2008). Taken together, this literature suggests
that specific patterns of fMRI activation may also be psychophysiological indicators of
reward anticipation deficits.

As was briefly mentioned above, although EEG and fMRI are two complimentary brain
mapping techniques, the findings from these literatures have rarely been synthesized and we
know very little about the convergence of EEG and fMRI measures of dysfunctional reward
anticipation. It is currently unclear if individuals that display reduced relative left frontal
activity also exhibit mesolimbic and/or ACC abnormalities during anticipation of reward. In
other words, are the two measures capturing the same neural mechanisms albeit in different
ways? Alternatively, one could speculate that the two measures have little convergence and
reflect different disease processes, or that that they converge in different areas of the brain
pointing to potentially novel or overlooked reward processing clinical targets. Previously,
source-localization studies have suggested that frontal EEG asymmetry at rest is mediated
by left dorsolateral prefrontal cortex (DLPFC) and orbitofrontal cortex (OFC) activation
(Pizzagalli et al., 2005), not ventral striatum or ACC. This speaks to the possibility that the
two measures have different correlates; however, there is a need to directly test this
hypothesis.

The question of method convergence has recently become more salient with the advent of
the National Institute on Mental Health’s (NIMH) Research Domain Criteria (RDoC)
initiative (Insel et al., 2010; Cuthbert & Kozak, 2013), which seeks to examine constructs
such as reward anticipation across multiple units of analysis (e.g., genes, molecules, circuits,
physiology, behavior). Implicit in the initiative is that there should be convergence across
units of analysis of a given domain or construct, such that fMRI indicators of reduced
reward anticipation should converge with EEG indictors of reduced reward anticipation.
This question remains to be tested though. One of the ways to establish convergence is to
examine if and where in the brain fMRI blood oxygenation level-dependent (BOLD) signal
and frontal EEG asymmetry during anticipation of reward are correlated in the same sample.

Thus far, very few studies have investigated these associations. One noteworthy example is
a study by Wacker et al. (2009) which examined the associations between anhedonia, resting
EEG delta activity, and fMRI during reward feedback (i.e., monetary gains) in a sample of
healthy adults. Results indicated that anhedonia was positively associated with resting EEG
delta current density (i.e., low resting activity) in the rostral ACC (rACC) and negatively
associated with ventral striatum BOLD signal during reward feedback. Moreover, resting
rACC delta activity was negatively associated with ventral striatum responses during reward
feedback. This suggests that these two measures of reward functioning were indeed
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correlated. However, Wacker et al. (2009) measured EEG activity in the delta frequency
band, rather than the more commonly investigated alpha band (Davidson, 2004). EEG data
was also collected at rest and not during actual reward anticipation. Because EEG
asymmetry is sensitive to changes in affective state (Allen et al., 2004), a potentially more
useful comparison is the convergence of EEG asymmetry and fMRI measures during
analogous laboratory tasks that directly elicit reward anticipation.

Although not a measure of EEG asymmetry, there have been several prior studies that have
examined the convergence between EEG scalp-recorded event-related potentials (ERPs) and
fMRI measures during laboratory reward tasks. For instance, Carlson et al. (2011) reported
that during monetary gains (i.e., reward consummation), feedback negativity (i.e., FN - an
ERP indicator of reward sensitivity) was positively correlated with fMRI activation in the
ventral striatum and medial prefrontal cortex (mPFC). Similar studies have also reported a
relation between the FN and BOLD response (e.g., Hauser et al., 2014; Becker et al., 2014).
In addition, Plichta et al. (2013) found that during reward anticipation, the ERP component,
contingent negative variation (CNV) was associated with thalamus fMRI BOLD response
and the strength of connectivity from the supplementary motor area (SMA) to the ventral
striatum and thalamus. It is important to stress that ERP measures are conceptually and
methodologically different than EEG asymmetry measures; nevertheless, these studies
provide initial evidence to suggest that separate brain mapping techniques, assessed during
affective states, can exhibit convergence in specific areas of the brain.

To date, no study to our knowledge has assessed correlations between frontal EEG alpha
asymmetry and fMRI BOLD signal during reward anticipation in the same sample. Given
that both of these measures have been used to assess reward anticipation deficits, it is useful
for studies to elucidate the magnitude and location of convergence across these two neural
measures. Thus, the primary aim of the current study is to examine the correlation between
EEG alpha asymmetry and fMRI measures of reward anticipation by having participants
complete two analogous reward anticipation tasks approximately one week apart — once
during collection of EEG asymmetry and the other during fMRI BOLD signal. Because
there is limited existing data on EEG-fMRI convergence, the aims of the study are relatively
exploratory; however, we hypothesized that the two measures would be correlated such that
reduced relative left frontal activity would relate to reduced ventral striatum (NAcc
included) and vmPFC/ACC activation during reward anticipation, as these neural regions
have often been implicated in reward functioning.

The sample included 40 adults who were recruited from the community and enrolled in a
larger study on emotional processes (Shankman et al., 2013). Participant demographics and
clinical characteristics are presented in Table 1. As part of the larger study aims, participants
were in one following diagnostic groups: 1) current MDD (n=9), 2) current MDD with
comorbid panic disorder (PD) (n=13), or 3) no lifetime history of psychopathology (n=18).
Although examining the impact of diagnosis is not an aim of the current study, having
individuals with a range of internalizing psychopathology provides variability in our EEG
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and fMRI measures, as prior studies suggest that depression and anxiety impact neural
responding to rewards (e.g., Forbes et al., 2006). This notably improves our statistical ability
to detect associations between individual differences on the two measures. Current and
lifetime diagnoses were made using the Structured Clinical Interview for DSM-1V (SCID;
First et al., 1996). Individuals were excluded from the larger study if they had a lifetime
diagnosis of a psychotic disorder, bipolar disorder, or dementia; were unable to read or write
in English; had a history of head trauma with loss of consciousness; or were left-handed. All
methods were approved by the University of Illinois-Chicago Institutional Review Board.

EEG Reward Task and Data Collection—EEG and fMRI data collection occurred on
two separate days, approximately one week apart. On Day 1, participants completed the
EEG protocol. After providing written informed consent, participants were seated in an
electrically shielded, sound-attenuated booth and completed a computerized slot machine
task previously used to probe sensitivity to reward anticipation (Shankman et al., 2007,
2013). The task consisted of three reels which ‘spun’ for 11-seconds and then landed on a
result. There were 60 total spins, divided into two possible outcomes of 30 trials each -
reward condition (R) in which participants won money if the reels landed on three pieces of
fruit and no incentive condition (NI) in which participants did not win or lose money.
Participants began the game with $2 and were told the specific condition (R or NI) prior to
each trial. During R conditions, participants won between $0.50 and $3.00 on each trial.
Trials were presented in a pseudorandom order. There were never more than two
consecutive trials of the same outcome. Half of the trials in each condition “landed” on three
pieces of fruit and thus during R conditions, participants won money 50% of the time. Total
task time was approximately 20-minutes. All participants were given their winnings of ~$12
in cash at the end of the task.

During the reward task, EEG data were recorded from Ag/AgCl electrodes in a 64-channel
stretch-lycra electrode cap (Compumedics Neuroscan 4.4, Charlotte, NC). The frontal pole
(AFZ) was used as the ground electrode and the online reference was near the vertex
(between CZ and CPZ). Electrode impedances were under 5,000 ohms, and homologous
sites (e.g., F7/F8) were within 1,500 ohms of each other. Data were recorded through a
Neuroscan Synamp2 data acquisition system at a gain of 10K (5K for eye channels) with a
bandpass of DC-200 Hz. Data were acquired and digitized continuously at a rate of 1000 Hz.
EEG data were re-referenced offline using the average activity of all scalp electrodes.

fMRI Reward Task and Data Collection—On Day 2, participants completed the fMRI
protocol. They were instructed to abstain from caffeine and tobacco for at least two hours
prior to their session. During the scan, participants completed a modified version of the slot
task described above. The fMRI task was a computerized slot machine paradigm with two
conditions — reward (R) and no incentive (NI). In both conditions, a ring of geometric shapes
would ‘spin’ on the screen and then ‘land’ on a result. Cues on the screen explicitly
indicated whether the present trail was an R or NI condition. In the R condition, participants
won money if it landed on an image of a birthday cake. This occurred approximately 50% of
trails (consistent with the EEG slot task). When it landed on something else (e.g., square,
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circle), they did not lose any money. In the NI condition, participants did not win or lose
money regardless of the outcome. The task included 2 runs of 32 trials that were equally
divided into R and NI conditions. Each time, the reels would spin for 4-6 seconds and
participants viewed the result for 3-seconds. R and NI conditions were presented in 30-
second blocks, and the total task time was approximately 12-minutes. Between conditions a
fixation cross was presented for 10-seconds to allow the fMRI BOLD signal to return to
baseline. At the end of the task, all participants were given their winnings of ~$17 in cash.

Functional MRI data was collected using a 3T GE magnetic resonance scanner at the
University of Illinois Medical Center. Functional images were acquired using a gradient-
echo echo-planar images (2s TR, 25ms TE, 82° flip, 64x64 matix, 200 mm FOV, 3mm slice
thickness, Omm gap, with 40 axial slices). A high-resolution, T1-weighted anatomical scan
was also acquired in the same axial orientation (25° flip; 512x512 matrix, 220mm FOV;
1.5mm slice thickness; 120 axial slices).

Data Processing and Analyses—EEG data during the 11-second reward anticipation
phase were segmented into consecutive 1.024-second epochs every 0.512-seconds (50%
overlap). Post re-referencing and baseline correction, each epoch was visually inspected by
hand and rejected if there was evidence of excessive ocular, mechanical, or other artifact.
After artifact rejection, 64% *20.6 of epochs in the R condition and 60% +21.1 of epochs in
the NI condition remained. The number of remaining epochs in each condition did not differ
by diagnostic group (p’s > 0.39; R condition: Controls = 66.1% +22.1, MDD-only = 65.4%
+20.4, MDD and PD = 60.1% % 20.0; NI condition: Controls = 64.9% +22.0, MDD-only =
54.4% +23.3, MDD and PD =56.1% +18.1). Data across the entire epoch was tapered by a
Hanning window to suppress spectral side lobes. Artifact-free data were recovered in
adjacent (overlapping) epochs and power spectra were computed offline from EEG data by
using a fast Fourier transform. The average absolute alpha power was computed for each
electrode site and then natural log transformed to normalize the data. Consistent with
previous studies (e.g., Bruder, Fong, Tenke, & Leite, 1997), we defined the alpha band as
7.81-12.70 Hz and used it as an inverse measure of regional brain activity. Frontal
asymmetry scores were computed for the R and NI conditions by subtracting power at the
F7(left) frontal electrode from power at the homologous F8 (right) electrode, so that the
higher values for the asymmetry score reflect greater activity in left relative to right frontal
regions. EEG asymmetry values across the sample were normally distributed (M=
0.17+0.51, range: —0.92 — 1.42, skew: 0.18, kurtosis: 0.35).

fMRI data from all 40 participants met criteria for high quality and scan stability with
minimum motion correction (i.e., 3 mm or less displacement in any one direction).
Functional data were analyzed using Statistical Parametric Mapping software (SPMS8,
Wellcome Department of Imaging Neuro-Science, London, UK). Images were spatially
realigned to correct for head motion, warped to standardized Montreal Neurological Institute
(MNI) space using the participant’s T1 image, resampled to 2 mm?3 voxels, and smoothed
with an 8 mm? kernel to minimize noise and residual differences in gyral anatomy. The
general linear model was applied to the time series, convolved with the canonical
hemodynamic response function and with a 128-s high-pass filter. Condition effects were
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modeled with box-car regressors representing the occurrence of each block type. Effects
were estimated at each voxel and for each subject.

Individual contrast maps (statistical parametric maps) for R condition spins versus NI
condition spins (R > NI) were generated for each participant. Contrast maps were then
entered into a second-level independent samples t-test. To examine our primary aim, each
individuals’ EEG asymmetry value during reward anticipation (i.e., EEG asymmetry
difference score: R — NI spins) was entered as a regressor of interest. Age was entered as a
covariate. Because of the exploratory nature of the current analyses, we considered
activations that survived p < 0.001 (uncorrected), with a cluster extent threshold of greater
than 20 contiguous voxels (volume > 160mm3), as significant to balance between Type |
and Type Il error (Lieberman et al., 2009); similar to prior studies (Banks et al., 2007;
Labuschagne et al., 2010). Only significant activations in a priori regions of interest (i.e.,
reward-related neural circuitry) were interpreted. For visualization purposes only, we
extracted the same 5mm (radius) spheres from the model in which EEG asymmetry values
were not included as a regressor to accurately display the independent associations between
EEG asymmetry values and BOLD signal response.

Effects of EEG Reward Task

In the current sample, EEG asymmetry was significantly greater during R conditions
compared with NI conditions (t(39) = 3.20, p < 0.05), suggesting that across subjects the
task successfully elicited reward anticipation. Additional analyses indicated that there were
no group differences in EEG asymmetry during the NI condition (F(2, 39) = 0.80, p = 0.46)
or the R condition relative to the NI condition (i.e., R > NI; F(2, 39) = 0.17,p = 0.84). R >
NI values were also not correlated with current depressive symptoms (r = 0.04, ns; assessed
via the Hamilton Rating Scale for Depression [HAM-D; Hamilton, 1960]).

Effects of fMRI Reward Task

Across the entire sample, reward anticipation (R condition spins > NI condition spins)
significantly activated a large contiguous cluster of mesolimbic reward regions including
bilateral nucleus accumbens, caudate, lateral globus pallidum, and putamen (peak MNI
[-12, 6, —4], k=130560mm3, Z = 7.04, p < 0.001). Thus, the fMRI task successfully probed
reward-related regions (Figure 1). Additional regions including the insula, medial frontal
gyrus, and ACC were also activated and are reported in Table 2.

As is presented in Gorka et al. (2014), although all groups evidenced mesolimbic reward-
related activation, the diagnostic groups differed in dACC activation during reward
anticipation (MNI peak: [8, 8, 44], Z = 3.43, k = 116, p < 0.001). Specifically, the MDD-
only group displayed greater dACC activation compared with controls (t(25) = 4.20, p <
0.001) and comorbid individuals (t(20) = 2.62, p < 0.05). The controls and comorbid
individuals did not differ from each other. There were no other group differences in reward-
related neural regions during the fMRI task.
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Convergence of EEG and fMRI Reward Tasks

Results indicated that greater relative left frontal activity during reward anticipation was
significantly associated with greater left ACC/medial PFC [MNI peak: [-10, 36, 34], k =
2480mms3, p < 0.001, uncorrected, r = 0.50) and left OFC [MNI peak [-28, 58, 2], k =
640mms3, p < 0.001, uncorrected, r = 0.52) activation during reward anticipation (see Figure
2). Post-hoc, we examined whether there were any group differences in the EEG
asymmetry-ACC/mPFC and OFC correlations by conducting one-way analyses of variance
(ANOVAS) on the extracted correlation parameter estimates. There were no significant
group differences as the magnitude of the correlations were similar across groups (ACC/
mPFC: F[2, 39] = 0.45, ns; Controls r = 0.47, MDD-only r =0.62, MDD and PD r = 0.54;
OFC: F[2, 39] = 0.31, ns; Controls r = 0.50, MDD-only r = 0.59, MDD and PD r = 0.55).
The correlation magnitude was also not associated with current depressive symptoms (both
p’s > 0.39). For completeness, all whole-brain results are presented in Table 3.

Discussion

A large body of evidence indicates that reduced reward anticipation is characterized by
reduced relative left frontal activity and mesolimbic and PFC BOLD signal abnormalities
during reward anticipation (Pizzagalli et al., 2009b; Smoksi et al., 2009; Shankman et al.,
2007, 2013). Although it is assumed, on some level, that EEG asymmetry and fMRI capture
similar mechanisms of dysfunction, no study to our knowledge has directly examined the
convergence between these two measures during reward anticipation in the same sample.
Therefore, the aim of the current study was to investigate if and where in the brain frontal
EEG asymmetry and fMRI measures were correlated in a sample of adults with a range of
internalizing psychopathology. Our results indicated that the two measures do indeed
converge - specifically, individual differences in EEG asymmetry during reward anticipation
were associated with individual differences in ACC/mPFC and OFC activation during
reward anticipation. This suggests that these two measures may overlap in these neural
regions.

The ACC/mPFC and OFC as the major sites of convergence between these two measures is
interesting for numerous reasons. First and foremost, as was previously noted, source
localization studies have suggested that frontal EEG asymmetry at rest is mediated by left
OFC activation (Pizzagalli et al., 2005) and thus, there is some consistency with prior source
localization findings and the current results. Second, both the ACC/mPFC and OFC are
known to play major roles in emotion processing and are considered key components of the
brain’s reward circuitry (Bush et al., 2000; McClure et al., 2004; Nestler & Carlezon, 2006).
Converging evidence indicates that the ACC/mPFC is critically involved in the regulation of
reward responses (Etkin, Egner, & Kalish, 2011; Phillips, Drevets, Rauch, & Lane, 2003),
including evaluating anticipated reward magnitude and probability, tracking reward
prediction errors, and forming associations between reward and appropriate action
(Alexander & Brown, 2010; Haber & Knutson, 2010; Knutson & Cooper, 2005). The ACC/
mPFC also has dense projections to the ventral striatum and functionally interacts with this
region (and others) to modulate reward processing and reward-related positive affect (Haber
& Knutson, 2010). The OFC similarly projects to the ventral striatum and is another core
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node in the mesolimbic dopaminergic pathway (Haber et al., 1995; Schultz et al., 2000).
Numerous studies have shown that the OFC is involved in sensory integration and assessing
the value of rewarding stimuli (Gottfried et al., 2003; O’Doherty et al., 2001), as well as the
subjective feeling of hedonia (Kringelbach, 2005; Kringelbach et al., 2003). The ACC/
mPFC and OFC are therefore fundamental regions of the brain associated with reward
processes, and the current findings suggest that EEG asymmetry and fMRI1 BOLD
laboratory paradigms of reward anticipation may converge in these important areas.

It is also important to note that the ACC/mPFC and OFC are implicated in reward-related
dysfunction across several disorders such as depression, bipolar disorder, and schizophrenia
(Barch & Dowd, 2010; Gorka et al., 2014; Nusslock et al., 2012). For example, relative to
healthy controls, individuals with depression have been shown to exhibit increased ACC/
mPFC activation during reward anticipation (Knutson et al., 2008), and blunted OFC
activation during rewarding outcomes (Dichter et al., 2012). Bipolar patients have
meanwhile been found to have heightened OFC activation during reward anticipation
(Nusslock et al., 2012). In addition to studies with patient populations, it has been
demonstrated that lesions of the ACC/mPFC produce depressive-like symptoms including
abnormal reward cue estimation, apathy, loss of motivation, and social deficits (Damasio &
Van Hoesen, 1983; Drevets et al., 1997). Collectively, these findings suggest that these PFC
regions may be related to the pathophysiology of the reward anticipation deficits across
several disorders. The fact that frontal EEG asymmetry and fMRI converge in these regions
may suggest that these two literatures capture shared underlying mechanisms. Along these
same lines, it is worth mentioning that in the current study, greater relative left frontal
activity was associated with greater left ACC/mPFC and left OFC activation. The
lateralization of these findings underscores the potential overlap of these measures in the left
PFC.

In addition to the relevance of the location of convergence it is worth noting that the simple
fact that these two separate neural measures correlate is meaningful. As was previously
mentioned, one of the major hopes of NIMH’s RDoC initiative is that measures across units
of analysis (e.g., neural circuits and physiology) will converge to ultimately reflect core
mechanisms of psychopathology (Cuthbert & Kozak, 2013). This study is one of the first in
a series of investigations that are necessary to map out the unique and shared components of
discrete “units of analysis” (or measures) of the same construct. In order to truly hone in on
mechanisms of dysfunction, there is a need to integrate and synthesize parallel literatures.
Moreover, knowing areas of overlap may eventually aid in future study design. If ACC/
mPFC and OFC functioning during reward anticipation corresponds with frontal EEG
asymmetry during reward anticipation, a study seeking to capture functioning in these neural
regions may decide to use EEG rather than fMRI as it is cheaper and less invasive. Before
these conclusions can be drawn, however, additional studies utilizing simultaneous EEG and
fMRI data collection are needed to confirm that these two measures correspond within the
aforementioned regions. This represents an important future direction of this line of work.

The current study did not find diagnostic group differences in EEG asymmetry, ACC/mPFC
and OFC BOLD response, or the convergence of the two measures. Given the small sample
size and uneven group distribution (i.e., 18 controls, 9 MDD-only, and 13 MDD and PD), it
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is possible that the current study was underpowered to detect group differences and thus, the
role of diagnosis on method convergence remains an important, yet relatively untested,
question. It is also possible that these null findings reflect the fact that DSM diagnoses are
heterogeneous constructs that do not neatly map on to underlying neurobiological
functioning and that convergence is less impacted (or moderated) by categorical diagnoses
than may be anticipated. Importantly, regardless of whether diagnosis does or does not
impact convergence, data on this topic is useful and could help further refine mechanisms of
dysfunction within specific diagnostic groups or point to potential transdiagnostic (or
agnostic) processes.

This study significantly adds to the current literature; although, there are several limitations
worth nothing. First, as is noted above, the current sample size included individuals with
specific DSM diagnoses and it is unclear whether the findings would generalize to other
samples. For instance, although individuals with schizophrenia also display reward
anticipation deficits, it is unknown whether the ACC/mPFC and OFC would also be the sites
of convergence within this clinical population. Second, although our EEG and fMRI reward
tasks were analogous, they were not identical and minor visual or timing differences could
have impacted the results. Related to this point, the order of EEG and fMRI reward tasks
was not counterbalanced, due to the aims of the larger study (i.e., Shankman et al., 2013),
and it is possible there was an impact of task order. Future studies are therefore needed to
replicate the current findings.

Despite these limitations, there are several important inferences that can be drawn from the
present study. Most notably, two commonly used measures of reward anticipation — frontal
alpha EEG asymmetry and fMRI BOLD signal-were found to correlate. Specifically, EEG
asymmetry reflecting greater relative left frontal activity during reward anticipation was
associated with greater ACC/mPFC and OFC activation during reward anticipation. Given
that these regions are key nodes in the neural reward circuit and are implicated in the
pathophysiology of depression and schizophrenia, the convergence of these two measures in
these regions is noteworthy and highlights potential areas of overlap between the seemingly
parallel EEG and fMRI literatures.
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Highlights

e  Correlation between EEG asymmetry and fMRI measures of reward anticipation
examined

»  The two reward anticipation measures were indeed correlated

e EEG asymmetry was associated with ACC/mPFC and OFC activation
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Figure 1. Neural regions activated during R condition spins relative to NI condition spins
Voxel-wise statistical t-map displayed on a canonical brain illustrating significant clusters at

p < 0.001, uncorrected across the entire sample.
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Figure 2. Correlation between EEG and fMRI reward anticipation measures
A) Voxel-wise statistical t-map displayed on a canonical brain illustrating significant

convergence between EEG asymmetry and left OFC BOLD response during reward
anticipation; B) Scatter plot displaying the correlation between EEG asymmetry and OFC
BOLD response; C) Voxel-wise statistical t-map displayed on a canonical brain illustrating
significant convergence between EEG asymmetry and left ACC/medial PFC BOLD
response during reward anticipation; D) Scatter plot displaying correlation between EEG
asymmetry and ACC/medial PFC BOLD response; OFC = orbitofrontal cortex; ACC =
anterior cingulate cortex; EEG = electroencephalogram; MDD = major depressive disorder;
PD = panic disorder. Of note, estimates of ACC/mPFC and OFC activation were normally
distributed across the sample (ACC/mPFC: M= -0.02+0.37, range: —1.06 — 0.68, skew:
-0.37, kurtosis: 0.81; OFC: M= 0.02+0.66, range: —2.43 — 1.16, skew: —0.37, kurtosis:
2.01).
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Table 1

Participant demographics and clinical characteristics

Demographics Mean (SD) or %
Age (years) 31.4(12.1)
Sex (% female) 72.5%
Race (% Caucasian) 47.5%

Clinical Variables

Current Major Depressive Disorder 55.0%
Current Panic Disorder 32.5%
HRSD Total Score 15.9 (13.7)
BAI Total Score 10.1 (10.8)
EEG Asymmetry during Reward Anticipation 0.17 (0.51)

Note. HRSD = Hamilton Rating Scale for Depression (Hamilton, 1960); BAI = Beck Anxiety Inventory (Beck et al., 1988); EEG =
electroencephalography.
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