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Abstract

The medial prefrontal cortex (mPFC), hippocampus, and amygdala are implicated in the regulation
of affect and physiological processes, including hypothalamic-pituitary-adrenal (HPA) axis function.
Anhedonia is likely associated with dysregulation of these processes. Dense-array resting
electroencephalographic and cortisol were obtained from healthy and anhedonic groups. Low-
resolution electromagnetic tomography was used to compute intracerebral current density. For the
control group, voxelwise analyses found a relationship between current density in beta and gamma
bands and steeper cortisol slope (indicative of more adaptive HPA axis functioning) in regions of
the hippocampus, parahippocampal gyrus, and mPFC. For the anhedonic group, the mPFC finding
was absent. Anhedonia may be characterized by disruptions of mPFC-mediated neuroendocrine
regulation, which could constitute a vulnerability to the development of stress-related disorders.

Descriptors

Electroencephalography (EEG); Anhedonia; Cortisol; Stress; Prefrontal cortex; Low resolution
electromagnetic tomography (LORETA)

In recent years, there has been growing interest in the examination of the neural substrates
underlying affective regulation and stress reactivity. Functional neuroimaging studies have
delineated a particular neural circuit, including the mPFC, hippocampus, and the amygdala,
that is critically implicated in the regulation of affect and physiological responses to
biologically salient events (for reviews, see Davidson, Pizzagalli, Nitschke, & Putnam, 2002;
Phan, Wager, Taylor, & Liberzon, 2002). In particular, data from animal studies suggest that
this circuit plays an important role in the regulation of hypothalamic-pituitary-adrenal (HPA)
axis function. Specifically, the mPFC and the subgenual PFC are implicated in the modulation
of HPA axis function by acting as a site for glucocorticoids to exert negative feedback (Diorio,
Viau, & Meaney, 1993; Hurley-Gius & Neafsey, 1986; Terreberry & Neafsey, 1983). In
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addition to these prefrontal regions, the hippocampal and parahippocampal regions have been
implicated in the negative-feedback effects of glucocorticoids (Sapolsky, 2000).

The diurnal pattern of cortisol secretion has been well characterized and is typified by higher
morning levels that decrease throughout the day. Flattened cortisol slope, that is, an attenuated
decrease throughout the day, has been found to be associated with poor health and the
vulnerability toward disease progression for medical disorders (Catley, Kaell, Kirschbaum, &
Stone, 2000; Matthews, Schwartz, Cohen, & Seeman, 2006; Spiegel & Giese-Davis, 2003)
and psychiatric disorders (Carrion et al., 2002; Cicchetti & Rogosch, 2001; Gunnar & Vazques,
2001; Young, Haskett, Pande, Weinberg, & Watson, 1994). Relatedly, relationships have been
demonstrated between diurnal patterns of cortisol and affect. Greater self-reported negative
affect has been found to be associated with higher diurnal cortisol levels (Jacobs et al., 2007)
as well as flatter diurnal cortisol slopes (Polk, Cohen, Doyle, Skoner, & Kirschbaum, 2005).
Moreover, diurnal studies of positive affect and cortisol indicate an inverse relationship
between the two measures (Jacobs et al., 2007; Steptoe, Gibson, Hamer, & Wardle, 2007;
Steptoe, Wardle, & Marmaot, 2005). Although the exact effects of disrupted diurnal cortisol
secretion have not been determined, it appears to signal a deviation of normal HPA axis
function, which is associated with pathology and affective disturbance.

Positive affect and feelings of pleasure can act as a buffer to the experience of negative affect
and distress. Individuals who are impaired in this regard, that is, are anhedonic, not only
experience an attenuation of positive affect but are also more vulnerable to the effects of
aversive and stressful events (Meehl, 1975). Anhedonia is a prominent symptom of various
psychopathological disorders, including unipolar depression and schizophrenia, and has been
often associated with disease chronicity and poor treatment outcome (e.g., Spijker et al.,
2004; Moos & Cronkite, 1999). Consequently, it is not surprising that this important phenotype
has attracted substantial interest in both the human and animal literature (e.g., Anisman &
Matheson, 2005; Hasler, Drevets, Manji, & Charney, 2004; Horan, Kring, & Blanchard,
2006). Additionally, anhedonia has been examined as a subclinical syndrome, and numerous
studies have confirmed its construct validity. Particularly, psychophysiological and
phenomenological data (Fitzgibbons & Simons, 1992; Gooding, Davidson, Putnam, & Tallent,
2002) confirm that anhedonia is characterized by a disruption in the reward and appetitive
systems as well as, in some cases, an increased sensitivity to the presence of unpleasant stimuli
and environmental challenges (for a review, see Loas, 1996). An improved understanding of
the psychophysiology of anhedonia would contribute to the characterization of the relationship
of the effects of negative environmental stimuli and blunted positive affect on the development
and treatment of various psychopathological disorders.

Few humans studies have directly examined the neural circuits associated with the regulation
of the diurnal slope function of the HPA axis. This knowledge could help identify targets for
the development of treatments for stress-related illness as well as elucidate the neural
mechanisms governing the stress response. Therefore, the goal of this study was to examine
the association between patterns of diurnal salivary cortisol, an index of HPA function, and
neural activity as indicated by current density measured by source localization of resting
electroencephalographic (EEG) data using low resolution electromagnetic tomography
(LORETA; Pascual-Marqui, Michel, & Lehmann, 1994; Pascual-Marqui et al., 1999). Cross-
modal validation for LORETA has been provided by studies combining this algorithm with
other measures of neural activation, including traditional scalp spectral EEG, functional fMRI,
structural MRI, PET, and intracranial recordings (for a review, see Pizzagalli, 2007). LORETA
improves the spatial resolution of EEG data, and there is initial evidence indicating incremental
validity for this algorithm compared to traditional scalp spectral analyses (Pizzagalli et al.,
2002; Pizzagalli, Sherwood, Henriques, & Davidson, 2005). To our knowledge, no study has
examined relationships between diurnal salivary cortisol and neural activity using these
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methods. We have further extended this investigation by contrasting our findings between a
control group and a group with physical anhedonia. Due to the association between affect and
HPA axis function, an examination of the physiological underpinnings of anhedonia may
provide clues to the pathophysiology of psychiatric syndromes characterized by reduced
positive affect and, thus, increased vulnerability to aversive environmental events.

In light of animal studies linking mPFC, including the orbital frontal cortes (OFC) and
subgenual PFC, and hippocampal function to the regulation of glucocorticoids, we predicted
that activity in the mPFC and the hippocampus would be associated with diurnal cortisol
variation in a healthy population. Additionally, we predicted that the anhedonic group would
demonstrate disruptions in these regulatory systems as evidenced by (1) abnormal associations
between mPFC/hippocampal activity and diurnal cortisol slope and (2) flatter averaged diurnal
cortisol slope and lower mPFC/hippocampal current density, that is, neural activity, compared
to healthy controls. We are not predicting relationships with the amygdala, as the
electrophysiological imaging method utilized in this study does not allow us to probe this
region. Both groups were defined by the manifestation of psychological phenomenon, and our
aim is to examine the relationship of these phenomena to biological constructs. This is critical,
as both psychological and biological concepts contribute crucial and specific roles to the
understanding of psychopathological symptoms (see Miller, 1996).

Participants were right-handed, English-speaking undergraduates at the University of
Wisconsin who received course credit for their research participation. They completed a
questionnaire comprised of all items from the Chapman Psychosis-Proneness Scales: the
Perceptual Aberration Scale (Chapman, Chapman,& Raulin, 1978), the Magical Ideation Scale
(Eckblad & Chapman, 1983), the Revised Social Anhedonia Scale (Eckblad, Chapman,
Chapman, & Mishlove, 1982), and the revised Physical Anhedonia Scale (PAS; Chapman &
Chapman, 1978) as well as the Chapman Infrequency Scale (Chapman & Chapman, 1983).
The PAS score was chosen as the defining criterion for the anhedonic group, as this scale
reliably detects deficits in affective functioning related to physical, that is, sensory versus
interpersonal, experience (Chapman, Chapman, & Raulin, 1976). We chose this scale due to
its strength in differentiating groups of individuals who exhibit distinct psychological and
physiological profiles (e.g., Ferguson & Katkin, 1996; Fitzgibbons & Simons, 1992). The
anhedonic group (N = 28) scored > 2 standard deviations above the mean of the same sex group
on the PAS, and they were within normal range on the other scales except the revised Social
Anhedonia Scale, which is moderately correlated with the PAS. A control group (N = 31)
consisted of individuals who scored<0.5 standard deviations above or below the same sex
group mean on the PAS as well as on all of the other scales. All participants endorsed less than
three items on the Chapman Infrequency Scale (Chapman & Chapman, 1983), a 13-item scale
developed to screen out participants who are either responding in a random manner or
demonstrating negative response biases.

There were no significant group differences in age or sex: anhedonic group mean age = 19.37
years, SD = 2.63, 38% female; control group mean age = 18.65 years, SD = 0.75, 42% female.
All participants completed the Beck Depression Inventory (BDI; Beck, Ward, Mendelson,

Mock, & Erbaugh, 1961), and the anhedonic group reported higher levels of depression than
the control group, t(26) = 7.21, p<.001. However, the mean BDI score for the anhedonic group
was 9.8 (SD = 7.1) and therefore well below the threshold for moderate depression, which is
represented by scores within the range of 15-30. One participant in the control group had

incomplete cortisol data, and 4 participants in the anhedonic group had incomplete EEG data
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due to excessive artifacts. Therefore, the final groups consisted of 30 individuals in the control
group and 24 individuals in the anhedonic group.

Participants first provided informed consent consistent with institutional requirements and then
received a diagnostic interview, the Structured Clinical Interview for the DSM-IV Non-Patient
Version | (SCID-I; First, Gibbon, & Williams, 1997). None of the control participants met
diagnostic criteria for any current or past Axis I disorder. Four members of the anhedonic group
had current Axis I disorders: alcohol abuse (n = 1), major depression (n = 2), and obsessive-
compulsive disorder (nh = 1). Removing these 4 anhedonic participants from the analyses did
not change the pattern or statistical significance of any of the results.

To measure cortisol levels, participants provided samples of saliva in supplied plastic tubes
twice daily for 4 days. Sample collection was cued by a signal from a preprogrammed Seiko
wristwatch and occurred at the same time each day: between 30 and 45 min after wakening
and again 12 h later. For the morning samples, the wristwatch was programmed based on the
participants’ reports of their expected awakening times. This was relatively easy to do for the
weekdays, as participants were able to predict morning awakening time based on their class
and/or work schedules. They were instructed to leave a cortisol sample between 15 min and
45 min after awakening. If they awoke at a different time than was previously programmed
into the wristwatch, they were instructed to follow the same procedure and to indicate the new
time on the questionnaire booklet provided. Participants reported that they were able to comply
with this procedure. The rationale behind this approach is that there is evidence that the morning
awakening curve is based on time of awakening, rather than a set time for each day (Pruessner
etal., 1997). Participants were instructed to avoid eating, physical activity, or drinking anything
but water for 60 min before collecting each sample. The first sample was taken before breakfast
and the second sample was taken after dinner and before bed. Participants were instructed to
store samples in their home freezer until they delivered them to an experimenter at the end of
the study. At times, participants did not have immediate freezer access; however, research has
shown that salivary cortisol is stable at room temperature for as long as 30 days (Kirschbaum
& Hellhammer, 1989). On days of cortisol collection, they provided information concerning
illness, medication use, and amount of sleep.

Participants came into the laboratory for the electrophysiology session within 1 week of the
saliva sampling. To ascertain levels of distress, participants completed questionnaires that
tapped symptoms of anxiety and depression (The Mood and Anxiety Symptom Questionnaire—
90 items [MASQ]; Watson & Clark, 1991) and “trait” affect (The Positive and Negative Affect
Scales—General [PANAS]; Watson, Clark, & Tellegen, 1988). These measures were given
immediately after the EEG recording session.

Apparatus and Physiological Recording

Resting EEG data were collected with a Geodesic net with 128 sensors (Electrical Geodesic

system; Tucker, 1993) and obtained in 8 contiguous, counterbalanced 1-min trials (4 with eyes
open and 4 with eyes closed). Participants were instructed to be still, quiet, and relaxed but to
stay awake. After the experimenter instructed the participant as to the type of trial, there was
a brief delay before EEG recording began to avoid any contamination of the resting EEG signal.

Data were collected at a 250-Hz sampling rate with hardware filters set at 0.1-100 Hz
(recording reference: Cz) and filtered offline with a 60-Hz digital notch filter.
Electrooculogram (EOG) was recorded with two tin leads placed on the suborbit of the left eye
and referenced to a forehead lead.
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Data Reduction and Processing

Cortisol data—When returned, samples were sealed and frozen at —70°C. Cortisol was
assayed using the Pantex 125 Cortisol RIA Kit modified for saliva. The technicians performing
cortisol assays were blind to group membership. The detection limit of the assay (EDgg) was
0.03 pg/dl (for additional details, see Smider et al., 2002). Cortisol values were z-transformed
to identify outliers (none were detected), and a logarithmic transformation was applied. The
diurnal cortisol profiles of participants who reported unusual sleeping patterns, antibiotic use,
or use of oral contraceptives on the days of cortisol assessment were examined, and no unusual
patterns were observed. Two women, one from each group, reported use of oral contraceptives.
These data were retained in the final analyses because oral contraceptives have been reported
only to affect free cortisol responses to psychosocial stress, not diurnal variation (Rohleder,
Wolf, Piel, & Kirschbaum, 2003), and the data did not appear abnormal.

EEG data—Off-line, the EEG data were visually scored and edited to remove artifact. Only
epochs with artifact-free data across all channels were retained. Corrupted channels were
replaced using a spline interpolation (Perrin, Pernier, Bertrand, & Echallier, 1989). All
available artifact-free 2048-ms EEG epochs were extracted, rederived to the average reference,
and then subjected to standard spectral analyses via discrete Fourier transform (DFT) using
boxcar windowing (Brillinger, 1981). Next, LORETA was used to compute the three-
dimensional intracerebral current density distribution for the following eight bands: Delta (1.5-
6.0 Hz), Theta (6.5-8.0 Hz), Alphal (8.5-10.0 Hz), Alpha2 (10.5-12.0 Hz), Betal (12.5-18.0
Hz), Beta2 (18.5-21.0 Hz), Beta3 (21.5-30.0 Hz), and Gamma (36.5-44 Hz). As our
predictions focused on neural regions located deeply within the brain (hippocampus,
parahippocampal gyrus) as well as ventral regions of the PFC, we employed this source
localization technique rather than scalp EEG analyses, which are unable to reveal information
regarding these regions.

Without postulating a prespecified number of generating sources, LORETA estimates location
(s) of electrical source activity by assuming similar activation among neighboring neuronal
sources, an assumption implemented by computing the “smoothest” of all possible activity
distributions. The present implementation uses a three-shell spherical head model (Ary, Klein,
& Fender, 1981) and EEG electrode coordinates derived from cross-registrations between
spherical and realistic head geometry (Towle et al., 1993). Both the head model and the
electrode coordinates were registered to the digitized MRI available from the Brain Imaging
Centre, Montreal Neurologic Institute (MNI305; Collins, Neelin, Peters, & Evans, 1994; Evans
et al., 1993). The solution space (2394 voxels; voxel size: 7 mm3) was restricted to cortical
gray matter and hippocampi, as defined by the digitized MNI probability atlases. This is a
subset of the total brain volume. LORETA values represent the power, that is, squared
magnitude, of the computed intracerebral current density (unit: amperes per square meter [A/
m?2]). Following established procedures (Pizzagalli et al., 2001, 2004), LORETA data were
intensity normalized before statistical analyses. For each band and participant, the image
volume was scaled so its mean was the same as the grand mean (mean across participants).
This approach emphasizes regional differences within the brain and removes participant-to-
participant global variation, which is typically considered a nuisance variable. Recently,
LORETA has received important cross-modal validation with other measures of neural
function (Pizzagalli et al., 2004; Mulert et al., 2004; Worrell et al., 2000; Zumsteg, Friedman,
Wennberg, & Wieser, 2005).

Statistical Analyses

Between-group analyses of questionnaire data—To reduce the number of
comparisons, separate MANOVAs were used to analyze the subscales from the MASQ
(General Distress, Mixed Symptoms; General Distress, Anxious Symptoms; Anxious Arousal;
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General Distress, Depressive Symptoms; and Anhedonic Depression) and the PANAS Scales
(NA and PA). Post-hoc Tukey tests were used to analyze items from statistically significant
MANOVA:s.

Between-group analyses of cortisol data—Cortisol slopes were computed per day from
the logged cortisol levels and then averaged across all 4 days; individual levels were also
averaged across all 4 days per participant. To test between-group differences in levels, a mixed-
level hierarchical linear model was used (PROCMIXED in SAS) that included Time of Day
(morning or evening) and Day (1-4) as fixed variables. Additionally, all the averaged variables,
that is, Slope and Level, were compared between groups using independent t tests.

Voxelwise between-group analyses of EEG data—To examine if current density in
hypothesized brain regions differed between groups, whole-brain voxelwise t tests were
computed within each EEG band.

Voxelwise correlation analyses—For each band separately and at each voxel, a
Spearman’s rank correlation (rho) was computed between cortisol slope and intensity-
normalized current density. To identify normative relations between resting brain activity and
cortisol, coefficients were first computed for the control group. If significant correlations
emerged (for p<.01, |rho| > .47), voxelwise Fisher’s tests (Fisher, 1921) were run to assess
whether these patterns of correlations were significantly different (p<.05) between the groups.
Reported results were restricted to a priori identified regions, that is, the hippocampus and the
mPFC, and clusters greater in size than 10 contiguous voxels. The size limitation was imposed
in an effort to restrict interpretations to major regions of interest.

Corrections for multiple testing—To protect against multiple testing, we utilized a
program designed for fMRI data (AlphaSim in the software Analysis of Functional Neuro
Images [AFNI]; Cox, 1996) to determine a combination of p-value threshold at the individual
voxel level and cluster size yielding a mapwise p<.05 (corrected, two-tailed; Xiong, Gao,
Lancaster, & Fox, 1995). For the present study, Monte Carlo simulations were run by assuming
varying degrees of spatial correlation among the LORETA data. Findings revealed that a cluster
size of at least 31 voxels (i.e., 10.63 cm3) was required for statistical significance when
considering an individual voxel threshold of p = .01.

Laterality analyses—To formally test whether findings were specific to one hemisphere,
laterality analyses were conducted. Homologous contralateral regions were identified (by
reversing the x coordinates), and the averaged current density was calculated across all voxels
within the identified cluster of interest. Spearman’s rank correlations were then computed
between each contralateral region and cortisol slope. Finally, the two sets of correlations, one
for each hemisphere, were compared using the Meng-Rosenthal (Meng, Rosenthal, & Rubin,
1992) test for comparing dependent correlation coefficients.

Between-Group Analyses of Questionnaire Data

The MANOVA for the PANAS-General (i.e. “trait” affect) was statistically significant, Wilks’
Lambda F(2,55) = 3.66, p<.05. Follow-up Tukey tests indicated that the anhedonic group
reported significantly more negative affect, F(1,56) = 4.17, p<.05. There was a trend for
significance for the MANOVA for the MASQ, Wilks’ Lambda F(5,52) = 2.45, p = .06. Follow-
up Tukey tests indicated statistically significant between-group differences for General
Distress, Mixed Symptoms, F(1,56) = 8.30, p<.01, Anxious Arousal, F(1,56) = 4.09, p<.05,
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and Anhedonic Depression, F(1,56) = 9.59, p<.01. In all cases, the anhedonic group reported
greater levels of symptomatology.

Between-Group Analyses of Cortisol Data

The mixed model examining logged cortisol levels revealed a main effect of Time of Day, F
(1,57) = 224.32, p<.0001. Thus, both groups demonstrated normal diurnal patterns as evening
cortisol levels were significantly lower. There were no statistically significant effects of Group
or Day. All t tests for average Slope and Level were nonsignificant for both one- and two-tailed
tests.

Voxelwise Between-Group Analyses of EEG Data

Using voxelwise independent t tests, current density was not significantly different between
the two groups at the .01 probability level for any band using either one- or two-tailed tests.

Voxelwise Correlational Analyses

The left panel of Figure 1 shows findings from the whole-brain correlational analyses between
current density and cortisol slope for the control participants (panels A—C) and the anhedonic
participants (panels D—F). The right panel shows findings from the Fisher’s tests assessing
differences between the control and anhedonic participants (panels A—C) and the anhedonic
and control participants (panels D—F) in their correlations between current density and cortisol
slope. Table 1A depicts data from clusters in which control participants had significant
Spearman’s rho coefficients and were significantly different from the anhedonic group; Table
1B depicts data from clusters in which anhedonic participants had significant Spearman’s rho
coefficients that were significantly different from the control group. Significant negative
coefficients indicate that current density is associated with steeper negative cortisol slope, and
significant positive coefficients indicate that current density is associated with flatter cortisol
slope. All findings discussed below are those which demonstrated a significantly greater
correlation for one group compared to the other, as assessed by the Fisher’s tests.

For the control group, significant Spearman’s rho coefficients were found in two clusters. The
first is in the Gamma band (Fisher’s test: z = 2.23) and has a positive correlation with cortisol
slope (Cluster 1; Figure 1A); this includes the dorsolateral prefrontal cortex (DLPFC),
specifically, the inferior frontal gyrus and precentral gyrus (BAs 9 and 4/6). The second cluster
is in the Beta3 (Cluster 2; Figure 1B; Fisher’s test: z = 2.43) and Gamma (Cluster 2; Figure
1C; Fisher’s test z = 2.51) bands and has a negative correlation with cortisol slope. This is a
large cluster that includes the ventromedial PFC, the OFC, and the subgenual anterior cingulate
(ACC) cortex as well as the regions of the left hippocampus and parahippocampal gyrus (BAs
11, 25, 28/37, and 47). Figure 2 depicts the scatterplot for the Beta3 band in this cluster. For
Clusters 1 and 2, anhedonic participants failed to show significant correlations between current
density and cortisol slope (Table 1).

A secondary analysis computed voxelwise Spearman’s rho correlations for the anhedonic
group. These analyses also revealed a large cluster in the hippocampal/parahippocampal region
significantly correlated with cortisol slope (BAs 18, 19, 27, 29, 30, and 37) in the Betal (Cluster
3; Figure 1D; Fisher’s test: z = 2.12), Beta2 (Cluster 3; Figure 1E; Fisher’s test: z = 2.50), and
Beta3 (Cluster 3; Figure 1F; Fisher’s test: z = 2.43) band. This was also a negative correlation,
but for the anhedonic group, this region was in the right posterior hippocampus. Unlike the
control group, no significant correlation coefficients were found between cortisol slope and
current density within any regions of the mPFC.

For these analyses, the cluster sizes are well above the threshold required for a corrected
mapwise p<.05 level (31 voxels), with the exception of the hippocampal/parahippocampal
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cluster in both the control and anhedonic groups. In the control group, there were only 25 voxels
in the Gamma band; however, in a similar region, there were 75 significantly correlated voxels
in the Beta3 band. In the anhedonic group, there were only 18 contiguous voxels in the Beta3
band; however, in a similar region, there were 39 significantly correlated voxels in Betal and
40 significantly correlated voxels in Beta2. As the Beta and Gamma bands are closely related
in terms of frequency and levels of brain activation (e.g., Oakes et al., 2004), these slightly
smaller clusters do not alter the overall pattern and relevance of findings.

Laterality Analyses

Within each group, regions that were identified in the voxelwise correlational analyses were
tested for laterality. Only one cluster was found to be significantly and differentially associated
with cortisol slope when compared to an analogous region in the contralateral hemisphere:
Cluster 1 for the Gamma band for the control group (results specific to right side), z = 2.35,
p<.05 (rho for the right side = .54, rho for the left side = .34). None of the analyses revealed a
significant laterality difference for the clusters encompassing the hippocampus and the PFC,
and there were no laterality differences within the anhedonic group.

Discussion

The primary goal of this study was to investigate relationships between resting neural activity,
as measured by current density in EEG using LORETA, and diurnal cortisol slope in a group
of healthy participants. These findings were then extended to a group of participants who had
elevated scores on the Revised Physical Anhedonia Scale (Chapman et al., 1976). Regarding
the role of the PFC, results for the control group indicate that there was a significant negative
association between cortisol slope and Beta3 current density in a large region encompassing
the mPFC, the subgenual PFC, and the OFC. The anhedonic group had no significant
correlations within the PFC. Neural activity in the hippocampus and parahippocampal gyrus
also had negative associations with cortisol slope for both the control (Beta3 and Gamma) and
anhedonic (Betal, Beta2, and Beta3) groups, although different hemispheres were involved
(left for controls; right for anhedonics). In spite of these hemispheric differences, formal
laterality tests revealed no significant group differences, precluding firm conclusions about
laterality involving hippocampal regions.

Because activity within the Gamma and Beta bands is considered a direct index of brain
activation (Bonnet & Arand, 2001; Oakes et al., 2004), the above findings suggest that greater
resting neural activity in the medial and subgenual PFC, OFC, hippocampus, and
parahippocampal gyri was associated with steeper negative slope of cortisol levels over the
course of the day. This correlation raises the possibility that these regions may be implicated
in the regulation of normal HPA axis function. Steeper cortisol slope, that is, relatively greater
cortisol levels in the morning followed by a decline throughout the day, is associated with
resistance to pathophysiology and thus may be an index of psychological and physiological
resiliency (Gunnar & Vazquez, 2001; Young et al., 1994). These findings are consistent with
animal (Diorio et al., 1993; Meaney & Aitken, 1985; Sapolsky, 2000) and human (MacLullich
etal., 2006; Ottowitz etal., 2004; Sarrieau et al., 1988; Urry et al., 2006; Vermetten & Bremner,
2002) studies that associate the mPFC and the hippocampus with the regulation of
neuroendocrine function. Further evidence for the role of the mPFC in HPA axis function is
provided by several studies demonstrating that the acute effects of corticosteroid administration
impact EEG signal by increasing right relative to left frontal activity (Schmidt, Fox, Goldberg,
Smith, & Schulkin, 1999; Tops et al., 2005).

This study also revealed that Gamma activity in a region of the right DLPFC was associated

with a flatter cortisol slope in the control, but not anhedonic, group. Laterality analyses revealed
that this relationship was specific to the right DLPFC. This finding extends prior studies
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reporting that neural activity in the right DLPFC is associated with negative affect, including
clinical depression and, more specifically, withdrawal-related affects (Davidson, 1998;
Davidson et al., 2002; Pizzagalli et al., 2002). Therefore, it is not surprising that this neural
region would be implicated in disrupted HPA axis function. Because no association was
observed between neural activity in the right DLPFC and cortisol levels for the anhedonic
group, it is likely that functions normally ascribed to this region of the brain are disrupted in
anhedonia. Although speculative, this disruption may represent a vulnerability toward the
development of depression or other stress-related disorders characterized by increased levels
of negative affect and affective dysregulation.

The mPFC and OFC regions are critically involved in an individual’s ability to utilize
evaluative feedback from the environment in order to rapidly and appropriately switch affective
responses to seek reward and to avoid punishment (Kringelbach & Rolls, 2004; Ongur & Price,
2000; Rolls, 1996, 2000). A recent source localization human study found that among healthy
participants, increased baseline activity in the mPFC was associated with the development of
a stronger reward bias in response to experimental feedback (Pizzagalli, Sherwood, et al.,
2005). Inthe present study, the anhedonic participants were selected because they demonstrated
impairment in their ability to process the reward value of stimuli, which suggests a potential
dysfunction in the OFC and mPFC. Contrary to our predictions, no group differences in resting
mPFC or OFC activity emerged from this study. We did confirm, however, predicted
relationships in healthy controls between diurnal cortisol profiles and neural activity in the
mPFC, specifically the ventral medial and orbital frontal PFC. Intriguingly, this association
was not observed in the subclinical anhedonic group. This lack of association in the anhedonic
group raises the possibility that certain functions of this region might be disrupted in anhedonia.

The lack of group differences in resting brain activity, cortisol levels, or average diurnal slope
was unexpected. One possibility is that differences in brain activity between groups may
emerge by engaging participants in tasks probing reinforcement learning (e.g., Pizzagalli, Jahn,
& O’Shea, 2005) or distinct aspects of reward processing (e.g., anticipation vs. consumption;
Dillon et al., 2008). Further, it is notable that this is not only a sub-clinical group, but a young
group (college freshmen). Although we cannot conclude that the two groups differed in these
neurobiological indicators, we can speculate that, within the anhedonic group, diurnal cortisol
rhythm and related functions are potentially regulated by other, less efficient and less
functionally specific neural systems. Accordingly, the lack of ventromedial PFC/OFC
involvement may point to a less economical regulatory mechanism that may, over time,
manifest itself in the development of stress-related pathology.

Additionally, no group differences emerged in Alpha band asymmetry. Previous studies found
that relatively increased left PFC activity (as measured by EEG Alpha band suppression) is
associated with approach-related behavior and positive affect (Davidson, Abercrombie,
Nitschke, & Putnam, 1999). Additionally, studies examining EEG Alpha band activity have
found that relatively greater left PFC activity was linked to reward anticipation and individual
differences in reward responsivity (Miller & Tomarken, 2001; Pizzagalli, Sherwood, et al.,
2005; Sohotka, Davidson, & Senulis, 1992). Although anhedonia designates a disruption in
the processing of reward cues, previous studies have not found EEG Alpha abnormalities in
anhedonic subjects (Pierson, Ragot, Ripoche, & Lesevre, 1987; Simons, MacMillan, & Ireland,
1982). Moreover, prior work has examined task-related EEG activity (Miller & Tomarken,
2001; Sobotka et al., 1992) or has correlated resting EEG with task performance (Pizzagalli,
Sherwood, et al., 2005) in healthy controls. In the present study, we examined two resting
neurophysiological states and included anhedonic subjects. Furthermore, there is evidence that
anticipatory and consummatory pleasure can be clearly distinguished in animals (Berridge &
Robinson, 2003) and humans (Dillon et al., 2008; Gard, Kring, Gard, Horan, & Green, 2007;
Klein, 1984). The tasks used in the above studies were designed to elicit anticipatory pleasure.
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It is not clear if the classification measure we used, the PAS, taps an anticipatory or a
consummatory pleasure deficit. Therefore, the lack of Alpha findings may be due to
methodological and conceptual differences between the present and prior studies.

When interpreting the present findings, it is critical to bear in mind that anhedonia plays an
important role in various psychiatric syndromes as well as more generally in the dysregulation
of affect and stress (Davidson, Putnam, & Larson, 2000; Drevets & Raichle, 1998; Park &
Holzman, 1992; Weinberger, Berman, & Zec, 1986). Although we did not directly query
current stressful life circumstances or events in our samples, we did find that individuals with
anhedonia reported greater levels of anxiety, trait negative affect, and depression—affect states
that are characterized by associations with affective dysregulation and stress. Notably,
disorders characterized by anhedonia (e.g., schizophrenia and depression) also feature
disruptions in PFC functioning. The subgenual PFC, for example, has been found to be hypo-
active in individuals with familial-pure depressive disorder (Drevets et al., 1997) and
melancholic depressive disorder (Pizzagalli et al., 2004). As the present study highlights a link
between the diurnal regulation of cortisol and resting activity in the subgenual PFC, it may be
important for future studies to address whether HPA abnormalities in depression are associated
with subgenual PFC dysfunction. The lack of the expected links between the mPFC and
neuroendocrine activity in anhedonic subjects could indicate impairment in affective regulation
systems that rely on the integration of multiple physiological and psychological systems. This
impairment could compromise an individual’s ability to cope with and recover from a stressor,
which may in turn exacerbate or lead to the development of depression or psychopathology,
more broadly.

Of note, in the present study, measures of EEG and saliva sampling did not occur on the same
days. Instead, the saliva sampling occurred within the same week of the EEG session. This
methodological aspect can be considered an asset of this study, as the results were statistically
significant—even with a time lapse between assessments. Several studies indicate significant
test—retest reliability in EEG signal (Allen, Urry, Hitt, & Coan, 2004; Corsi-Cabrera et al.,
2007; Debener etal., 2000; Frund, Schadow, Busch, Korner, & Herrmann, 2007) and also when
investigating EEG activity in specific neural regions for resting and task-related conditions
(McEvoy, Smith, & Gevins, 2000; Neuper, Grabner, Fink, & Neubauer, 2005). Additionally,
there is also evidence for strong test—retest reliability of diurnal cortisol slope if averaged over
3 days or more (Kraemer et al., 2006). In this study, cortisol slope was averaged over 4 days.
Therefore, we can expect that these measures are relatively stable, and our conclusions are not
affected by the intended time lapse.

We were unable to control for phase of the menstrual cycle in our female participants. However,
it is unlikely that this affects the validity of our results. Although there is evidence that
menstrual cycle phase influences cortisol stress reactivity in laboratory stressors (for a review,
see Kajantie & Phillips, 2006), it is not clear that this would affect cortisol slope averaged over
the course of presumably normal days, that is, with the absence of any directly identifiable
stressor. Further, in the current study, all participants were relatively the same age. Age is an
important factor when interpreting cortisol levels for both men and women, but it is particularly
relevant for women because levels of estrogen vary throughout the life span. The restricted age
range of the present study may allow for a more accurate measurement of diurnal cortisol, in
contrast to including women during different phases of their life-time reproductive cycle.

Due to the limitations of this preliminary study, the present findings should be replicated.
Although the two groups differed in their relations between resting brain activity and diurnal
cortisol slope, no group differences emerged with respect to brain activation or cortisol.
Additionally, statistical significance levels were corrected for multiple testing within each
EEGDb and but not across the eight bands. Based on a paucity of prior studies in this area, we
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chose to use this compromise between Type I and Il errors. Saliva sampling occurred only
twice per day; a more frequent measurement of cortisol levels would have provided more fine-
grained information. A further limitation is the reliance on resting measures of neural function.
Recent discussions indicate that resting measures may be more indicative of purposeful, but
undefined, neural activity rather than reflecting a truly inactive state (Gusnard & Raichle,
2001)—thus, potentially introducing undetermined variance. Finally, as both of the study
groups were selected by specific criteria, it is unclear whether the present findings generalize
to other anhedonic and healthy control groups with different characteristics, for example, those
selected by different measures or demographics.

Despite these limitations, the present study identified an association between mPFC activity
and diurnal change of cortisol levels in a healthy control group that was absent in a subclinical
anhedonic group. Both groups demonstrated an association between hippocampal/
parahippocampal activity and cortisol slope, with a nonsignificant laterality difference between
the two groups. More generally, the current study used a multilevel approach that integrates
measures at different levels of analyses, including self-report measures, HPA axis function,
and resting neural activity. When applied to clinical samples, this integration is expected to
provide new insights into the pathophysiology of mental illnesses as well as the putative
disjunctions between self-reported affective experience and physiological responses.
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Fisher Tests

Figure 1.

Two-dimensional slices (axial, sagittal, and coronal orientations) showing thresholded (p<.01,
[rho| > .47) results of voxelwise Spearman’s rho correlations between current density and
cortisol slope for the target group (left column). Also shown are two-dimensional slices
thresholded at p<.05 from Fisher’s tests contrasting independent correlations between the two
groups (right column). In the left column, significant negative associations are shown in blue
and indicate that current density is associated with steeper diurnal cortisol decline; significant
positive associations are shown in red and indicate that current density is associated with flatter
cortisol slope. In the right column, orange colors denote voxels in which controls (a) had
significantly more positive rho values compared to anhedonic participants. Green values denote
voxels in which controls (b,c) had significantly more negative rho values or anhedonic
participants (d—f) had significantly more negative rho values. Results are restricted to
hypothesized regions that were predicted a priori and where clusters are greater in size than 10
contiguous voxels. a: Results for the Gamma band in the control group (left column) and control
group-anhedonic group (right column) in a region in the right inferior frontal gyrus and
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precentral gyrus. b,c: Results for the Beta3 (b) and the Gamma (c) bands in the control group
(left column) and control group—anhedonic group (right column) inaregion in a left hemisphere
and medial region encompassing the hippocampus, parahippocampal gyrus, medial PFC, and
OFC. d—f: Results for the Betal (d); Beta2 (e); and Beta3 (f) bands in the anhedonic group (left
column) and anhedonic group—control group (right column) in a region in the right
hippocampus and parahippocampal gyrus.
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Figure 2.

Scatter plot for the control group of cortisol slope and averaged current density of Beta3
activity, normalized with the grand mean, in the OFC/HIP cluster (Cluster 2).
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