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Abstract
Research indicates that major depressive disorder (MDD) is associated with alterations in
autonomic control, particularly cardiac control as measured by heart rate variability (HRV). In this
preliminary study, we investigated the neural correlates of autonomic control by measuring both
HRV and associated brain activity during the performance of mildly stressful tasks. Medically
healthy female subjects with MDD (N=10) and healthy controls (N=7) underwent H2 

15O-PET
and ECG recording while performing a handgrip motor task and an n-back task. Indices of HRV
were calculated and correlated with regional cerebral blood flow (rCBF). Differences in the rCBF
and HRV correlations between depressed and healthy subjects were evident in both the medial and
lateral orbital cortices. In addition, these areas appeared to be involved in different facets of
autonomic control with regard to sympathetic or parasympathetic dominance of cardiac control.
These results are consistent with the known roles of networks within the orbital cortex in both
autonomic control and the pathophysiology of MDD.
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1. Introduction
Homeostasis in the body is controlled by the autonomic nervous system, which can be
divided into the sympathetic and parasympathetic systems. The physiological alterations
occurring with major depressive disorder (MDD) extend beyond the brain, partly by altering
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the influence of these autonomic networks on a wide array of physiologic systems.
Depressed subjects have been shown to exhibit gastric dysmotility, possibly as a result of
increased sympathetic modulation (Ruhland et al., 2008). Depressive symptoms have been
associated with increased sympathetic vascular resistance in response to stress (Matthews et
al., 2005). Finally, alterations in the autonomic nervous system modulating corticotrophin
releasing hormone and central noradrenergic systems are commonly found in MDD (Gold
and Chrousos, 2002).

The most commonly studied aspect of the concurrence of MDD and autonomic dysfunction
involves cardiac autonomic control of heart rate variability (HRV). Although controversy
exists within the literature, most studies indicate that subjects with MDD show reduced
parasympathetic/vagal control of cardiac activity as compared to healthy controls (Udupa et
al., 2007), and vagal control appears to be negatively correlated with depression severity
(Agelink et al., 2001; Agelink et al., 2002). In addition, depressed subjects show greater
values of the autonomic index LF/HF, which may indicate a preponderance of sympathetic
to parasympathetic control, as compared to healthy control subjects (Udupa et al., 2007).
Depressed subjects also show reduced baroreflex sensitivity (Davydov et al., 2007). A recent
study in male twins showed that depressive symptoms were associated with reduced HRV.
In this study, when HRV was compared within twin pair between the twin with higher
depressive symptoms and his brother, dizygotic, but not monozygotic, twins exhibited
significant differences in the full HRV spectrum, indicating a genetic influence on the
association (Vaccarino et al., 2008).

Multiple brain regions participate in the modulation of autonomic responses, and there is
considerable overlap between regions regulating autonomic function and regions modulating
emotional behavior. In particular, the anatomical connections between the cingulate gyrus,
medial orbitofrontal cortex (MOFC), anterior insula, and amygdala, and their projections to
basal forebrain structures and brainstem nuclei, form an extended “visceromotor” network
which plays a major role in modulating the autonomic, endocrine, and behavioral aspects of
emotional and motivated behavior (Ongur and Price, 2000; Ongur et al., 2003).
Physiological activity in both the subgenual ACC (Drevets et al., 1997; Drevets et al., 2002;
Neumeister et al., 2006) and the amygdala (Drevets, 1999) is elevated in subjects with MDD
in the depressed phase relative to the remitted phase of MDD, to an extent that correlates
positively with depression severity. Activity in the anterior insula also increases during
depressive episodes in MDD (Drevets et al., 1992). Electrophysiological studies in humans
and experimental animals, along with functional neuroimaging studies in humans also have
implicated these visceromotor areas in central autonomic regulation (Price, 1999; Ter Horst
et al., 1996; Westerhaus and Loewy, 2001).

Previous studies assessed the neural correlates of HRV during a variety of mood states in
healthy subjects. For example, Lane, et al. (Lane et al., 2009) reported that the putative
vagally mediated component of HRV correlated with changes in regional cerebral blood
flow (rCBF) during emotion induction (happiness, sadness, and disgust) as compared to
neutral stimuli in the medial prefrontal cortex (Medial PFC, BA 10) and left insula. Another
study found a correlation between total vagal HRV and the difference in BOLD response in
the left insula during unpredictable aversive electrical shocks delivered in a synchronous
manner with respect to the ECG R-wave, versus shocks delivered at a delay following an R-
wave (Gray et al., 2009). That study also found that the change in vagally mediated HRV
correlated with the change in BOLD response during delayed versus synchronous shocks in
the amygdala and periaqueductal grey (PAG). In addition, there is substantial evidence from
the literature supporting central mediation of cardiac control during task performance. For
example, Napadow et al. showed that parasympathetic HR modulation correlated with
BOLD response during a handgrip task in a variety of areas, most notably the posterior
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insula and amygdala (Napadow et al., 2008). Additionally, Critchley, et al. found that
changes in hemodynamic activity in the ACC, OFC, and insula were associated with HRV
during both a predominately motor task (handgrip) and a predominantly cognitive task (n-
back) (Critchley et al., 2003).

The current study extends these studies in healthy subjects to depressed individuals. We
applied neuroimaging of rCBF to determine how neurophysiological activity differentially
correlates with autonomic tone in brain regions implicated in the regulation of both
autonomic and emotional function in healthy versus depressed individuals. As the first
investigation to correlate neuroimaging findings and indices of autonomic tone in subjects
with MDD, this preliminary study investigates differences in neural correlates of autonomic
cardiac control to elucidate the neurobiological underpinnings of autonomic dysfunction in
mood disorders.

2. Methods
2.1 Subjects

In order to eliminate potentially confounding our results by gender differences, this
preliminary study included female subjects only. This population may be particularly
relevant to studies of depression, since MDD occurs twice as often in women as in men
(Kessler et al., 1993), and following an adverse cardiac event, this gender gap widens even
further (Gottlieb et al., 2004; Wiklund et al., 1993). Our sample included seventeen right-
handed (two subjects exhibited mixed handedness), medically healthy females. Ten met
DSM-IV criteria for MDD as established by both the Structured Clinical Interview for
DSM-IV and an unstructured diagnostic interview with a psychiatrist, and seven had no
personal or family history (in first degree relatives) of mood disorders. Given the small
sample size, we consider this to be a preliminary study. All subjects had been free of
psychotropic medication for at least three weeks (eight weeks for fluoxetine). This study
was approved by the NIMH Institutional Review Board, and all subjects provided informed
consent.

Prior to this study, subjects underwent medical and psychiatric evaluation, physical
examination, laboratory testing (complete blood count, electrolytes, liver and thyroid
function tests), ECG, and neuromorphological MRI. Exclusion criteria included having
cardiovascular disease, history of cardiac arrhythmias, anemia, electrolyte disturbances,
ECG abnormalities, exposure to medications (except nicotine) likely to affect CBF or
cardiovascular function in the two weeks prior to scanning, meeting DSM-IV criteria for
drug or alcohol abuse within 1 year, or lifetime history of alcohol or drug dependence.
Pregnant or lactating women, women with irregular menstrual cycles, and post- or peri-
menopausal women also were excluded. Of the healthy subjects, four were studied in the
follicular phase of the menstrual cycle, two in the luteal phase, and one while actively
menstruating (menstrual phase was assessed using a home ovulation test). Of the depressed
subjects, six were studied in the follicular phase, two in the luteal phase, and two while
actively menstruating. One healthy subject was a past smoker, and two healthy and two
depressed subjects were current smokers. Depression severity was rated using the Beck
Depression Inventory (BDI) (Beck et al., 1961) and the Montgomery-Asberg Depression
rating scale (Montgomery and Asberg, 1979).

2.2 Study Design and Tasks
Neurophysiological measures were obtained using the PET-rCBF technique, and
electrophysiological measures were obtained simultaneously using ECG. While undergoing
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PET and ECG, subjects either rested with eyes fixed on a cross-hair, or performed working
memory or motor tasks of varying difficulty level.

In the baseline fixation task, subjects were asked to fix their eyes on a cross-hair presented
on a video monitor for 150 seconds; this block occurred twice. In the motor task, subjects
were asked to squeeze a handgrip dynamometer (Interface, Inc. Scottsdale, AZ) with their
dominant hand to match an intensity target set at three strength levels (10, 30, and 50% of
each subjects' maximal effort, thus the task was calibrated according to each individual's
strength). Subjects were instructed to squeeze the dynamometer for 9 seconds, then relax for
6 seconds (15 seconds total), This sequence was repeated 10 times within each strength level
block so that each handgrip block was a total of 150 seconds in length. The cognitive task
consisted of a working memory n-back task at three levels of difficulty (1-back, 2-back, and
3-back), using pseudo-random sequences of consonant letters. Each letter was presented for
500ms, followed by a 2.5s inter-stimulus interval during which a fixation cross-hair was
displayed. Subjects were asked to respond to target stimuli, consisting of a letter identical to
the letter presented one, two, or three trials before, for the 1-back, 2-back, and 3-back,
respectively. Each difficulty level block consisted of 50 trials (150 seconds total). Subjects
were instructed to respond to target stimuli with their right hand using a button box. Of the
50 stimuli presented in each block, 33% were target stimuli. In both motor and cognitive
tasks, blocks of each difficulty level were presented twice, and block order was
counterbalanced across subjects.

2.3 Behavioral Assessments
During the handgrip task, performance was calculated by measuring the area under the grip
intensity vs. time curve. The parameter “handgrip accuracy” was calculated as deviation of
the ratio of actual grip strength and target grip strength from one. During the n-back task, the
composite performance measure “n-back accuracy” was calculated as the sum of the correct
responses minus the total number of incorrect responses, divided by the total number of
trials.

2.4 Autonomic measurements
The ECG data were collected at 500 Hz during scanning using a 1902 amplifier and
Power1401 data acquisition interface (Cambridge Electronic Devices, Cambridge, UK).
Spike2 software (Science Products GmbH, Hofheim, Germany) was used to detect R-spikes,
and a time series of inter-beat intervals was extracted from R-spikes acquired during the last
120 seconds of each behavioral block. Previous research using 120 second recording epochs
has shown that both LF power and HF power can be accurately assessed with epocs of this
length compared to longer recording epocs (De Rivencourt, 2008). HRV indices were
computed according to published guidelines using an autoregressive algorithm (Colombo et
al., 1989). Briefly, the high frequency component (HF), which is mediated almost entirely
by parasympathetic activity transmitted via the vagus nerve (Akselrod et al., 1985;
Pomeranz et al., 1985) was calculated from the ECG power spectrum from 0.15 to 0.5 Hz.
The peak frequency within this band, fHF, is proportional to average respiratory frequency
and was calculated so that respiratory effects could be controlled for (Thayer et al., 2002;
Yildiz and Ider, 2006). The low frequency component (LF), which partially reflects
sympathetic tone (Malliani and Pagani, 1991; Malliani et al., 1994), but is dominated by
parasympathetic tone (Thayer et al., In Press) and respiration (Yildiz and Ider, 2006), was
calculated from the ECG power spectrum from 0.01 to 0.15 Hz. From these data, we
calculated natural logs of total low and high frequency power (lnHF and lnLF) and the ratio
LF/HF, which putatively reflects the relative balance of sympathetic and parasympathetic
tone (Malliani et al., 1990). Finally, the time domain parameter RMSSD, a measure of
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parasympathetic tone, was calculated as the root mean squared difference of successive R-R
intervals as a measure of beat-to-beat variability (Bigger et al., 1993; 1996).

2.5 PET Image Acquisition
Subject preparation for PET scanning included intravenous cannulation and head
stabilization using a thermoplastic mask. Emission images were acquired using a GE
Advance (35 contiguous slices with 4.25mm plane separation, 3D resolution=6 to 7mm
FWHM, 3D acquisition mode) following 10 mCi of H2 

15O administration during each of
the 14 behavioral blocks. Slow infusions of H2 

15O were initiated 30 seconds before
scanning (at the beginning of each behavioral block) and continued for 120 seconds.
Acquisition of the PET data was limited to the final 120 seconds to allow for inflow of the
tracer. HRV indices were calculated for this same 120 second interval. Transmission scans
(about 8 min) were acquired using rotating rods of 68Ge/68Ga for attenuation correction.

2.6 Statistical Analysis
Autonomic variables were analyzed in SAS (SAS Institute, Cary NC), using a repeated
measures mixed model with difficulty level and diagnosis as factors, and age as a covariate.
Because the parameter fHF is proportional to respiratory rate, it was used as a covariate in
all analyses. A variance-component covariance structure was used, and diagnosis was
incorporated into the covariance matrix when modeling autonomic variables in which
variances differed significantly across groups. To assess the relationship between
performance and autonomic activity, the mixed model was repeated with the accuracy
measure entered as a covariate. A post-hoc 2×2 ANOVA where autonomic variables were
averaged across task difficulty level was performed to assess the significance of any
differences in autonomic variables due to diagnosis and task factors.

Image analysis was performed using SPM2 (Wellcome Department of Imaging
Neuroscience, University College London, London, UK) within Matlab 6 or 7 (Mathworks,
Natick, MA, USA). PET images were realigned, and then co-registered to structural T1 MRI
scans. The MRI scans were acquired at 3 Tesla using MP-RAGE or IR-fSPGR pulse
sequences (0.86mm in-plane resolution; 1.2 mm slice thickness). The accuracy of co-
registration to the PET images was indistinguishable between these two MRI scan types.
The MRI scans were spatially normalized to a template brain, and the resulting
transformation then was applied to the co-registered PET images. In order to compute
correlations between rCBF and autonomic indices, a multi-group conditions-and-covariates
model was constructed for each index. Each model included six conditions (one each for the
fixation, handgrip, and N-back tasks in each diagnostic group). Age and fHF (peak high
frequency, proportional to respiratory rate) were included as nuisance variables. Covariates
for task difficulty level and autonomic variable were allowed to interact by condition, so that
the correlation between rCBF and autonomic variable was estimable for each diagnostic
group separately. Subject grand means were scaled to 50 within group, and global
normalization was performed using an AnCova by subject (within group).

Contrasts for positive and negative correlations between rCBF and each autonomic index
during the performance of each task were calculated for the healthy and depressed subjects
separately. Additional contrasts were performed to show areas where the correlation
between rCBF and the autonomic index differed significantly between groups. Regression
coefficients, which are the extracted beta weights from the SPM2 general linear model, are
reported to indicate the magnitude of the dependence of rCBF on the autonomic index.

To reduce the likelihood of Type-I error, the search area included in the primary analysis
was limited to regions of interest (ROI) defined a priori on the basis of previous literature
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that reported brain structures where neurophysiological and autonomic activity were
correlated. The ROI selected were the left and right anterior cingulate cortex, anterior insula,
amygdala, and OFC. The anterior insula ROI encompassed the agranular insula and the
sulcal portion of LOFC (BA 47s, see (Ongur et al., 2003)). For each ROI, a binary mask was
drawn on the MRI template used for spatial normalization. Small volume corrections
(Worsley et al., 1996) were applied to adjust the results of the SPM analyses for the effects
of multiple testing, and results were reported for pcorrected < 0.00625 (calculated as 0.05
divided by 8, the number of a priori regions).

To reduce the likelihood of Type-II error, areas located outside the predefined ROI were
explored in whole brain analyses conducted post hoc. For each contrast, t-images were
displayed with a threshold of puncorrected <0.05. Gaussian random field theory was used to
identify clusters which remained significant at pcorrected<0.05 after applying the cluster test
to correct for multiple comparisons (Poline et al., 1997). Within each significant cluster, the
voxel with the highest voxel t-value is reported. Voxels were also reported for which the
voxel-corrected p-value was significant at pcorrected<0.05. A conjunction analysis of the
handgrip and n-back contrasts was performed to confirm the significance across both tasks.

Finally, to ensure that any differences noted between groups in the correlation between
rCBF and autonomic activity were not due to absolute differences in rCBF between healthy
and depressed subjects, we averaged across task difficulty and used a two-sample t-test in
SPM to assess group differences. Subject grand means were scaled to 50 within group, and
global normalization was performed using proportional scaling.

3. Results
3.1 Behavioral and autonomic results

Demographic data and clinical ratings of depression severity for subjects appear in Table 1;
there was no significant difference between MDD and control subjects on age, body-mass-
index (BMI), blood pressure, or distance traversed in the walk-run task (only five subjects
from each group completed the walk-run task). Performance accuracy did not differ between
groups on either the motor task or the N-back task. There was no difference between groups
in baseline autonomic function, as assessed during the resting fixation condition (p>0.05),
although there was a dependence of LF/HF on age (F1,13=6.65, p=0.0229). Likewise, in the
n-back condition there was no difference in autonomic function between groups, although
HR, lnHF, and lnLF were significantly dependent on age (p=0.0215, p=0.0488, and
p=0.0438, respectively). During the handgrip condition, healthy controls exhibited higher
HR (F1,14=5.10, p=0.0405) and a trend toward greater LF/HF (F1,14=3.84, p=0.0703) as
compared to MDD subjects, while MDD subjects showed greater lnHF than controls
(F1,14=9.56, p=0.008).

When accuracy was included as a covariate in the analysis of the n-back task data, lnLF was
significantly dependent (F1,30=6.13, p=0.0191) and lnHF showed a nonsignificant trend
toward dependence (F1,30=3.98, p=0.0552) on performance. For the handgrip task, however,
the autonomic variables and performance accuracy were not correlated. The post-hoc
ANOVA showed all autonomic variables were significantly dependent on task (Figure 1).
For all autonomic variables, there was no significant diagnosis × task interaction, so the
interaction terms were not included in the model.

3.2 Imaging Results
Data for the ROI defined a priori appear in Table 2. In the handgrip task, control subjects
showed a negative correlation between rCBF and HR in the anterior insula, while MDD
subjects exhibited positive correlations between CBF and lnHF in the LOFC (BA47). In
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both fixation and n-back conditions, the controls showed positive correlations between rCBF
and RMSSD in the right amygdala. When the depressed subjects and controls were
compared directly, the controls showed a positive correlation between rCBF and LF/HF
while depressed subjects showed an inverse correlation in the right orbital cortex ROI, in an
area of the MOFC (Talairach coordinate 6, 45, −22, Z=4.29).

The whole brain analysis showed additional regions where rCBF and the autonomic indices
were significantly correlated. Since the primary focus of this manuscript is to describe
differences between healthy subjects and subjects with MDD, we discuss only between-
group differences, within-group results are available in the supplementary materials
(supplementary tables 1 and 2). The whole brain analysis also revealed clusters of
significant effects within the anterior insula that were not encompassed within the
predefined ROI for this region, and thus were not included in table 2.

The regions where the dependence of rCBF on an autonomic index differed significantly
between groups appear Table 3. Notably, the differences between groups were primarily
evident during task performance; the only difference between groups during fixation
involved the relationship between RMSSD and rCBF in the fusiform gyrus, where control
subjects showed a positive correlation, and depressed subjects showed essentially no
correlation. During the handgrip task, where we showed a significant difference between
groups in mean HR, and a nonsignificant trend towards a difference between groups in mean
LF/HF, we also found concomitant differences in rCBF between groups, in the precentral
gyrus (HR) and MOFC (LF/HF). Although we found a significant difference in mean lnHF
between groups during the handgrip tasks, we found no corresponding rCBF effects.
Although lnLF did not differ between groups during the handgrip task, the relationship
between lnLF and rCBF during the handgrip task differed significantly between groups in
the cerebellum.

During the n-back task, although we found no significant behavioral differences between
groups, the relationship between HR and rCBF differed significantly between the MDD and
control groups in the lateral superior frontal gyrus, superior parietal cortex, dmSFG, and
parietooccipital cortex; between lnHF and rCBF in the lingual gyrus; between LF/HF and
rCBF in the temporal polar cortex; and between RMSSD and rCBF in the ventrolateral PFC
and medial cerebellum.

In the MOFC, during the handgrip task the controls showed a positive relationship between
LF/HF and rCBF, while the depressed subjects showed a negative correlation (Figure 2).
The differential relationships between rCBF and the autonomic parameters that accounted
for group differences in other regions are indicated in table 3.

The globally normalized rCBF differed between groups in the dorsolateral PFC during all
conditions tested, and in the fusiform gyrus in the handgrip task (Table 4).

4. Discussion
We demonstrated significant differences between healthy and depressed subjects in the
electrophysiological indices and the neurophysiological correlates of HRV. Although these
results must be considered preliminary due to the small sample sizes, they support the
application of our experimental paradigm as a strategy for elucidating the neural bases of
autonomic dysregulation in MDD. While performing motor and cognitive tasks designed to
differentially modulate autonomic function, subjects from both groups exhibited an overall
decrease in HRV, suggesting withdrawal of parasympathetic control of the cardiac cycle,
and an increase in the ratio of sympathetic-to-parasympathetic control of the HR. In
depressed subjects, however, while we found no significant difference in baseline autonomic
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function relative to controls, HR was lower and lnHF higher than in controls during the
motor task, possibly reflecting an attenuated parasympathetic withdrawal response to stress
in MDD. In addition to the cardiovascular results, our neuroimaging analyses revealed
significant differences between depressed and healthy subjects in the correlations between
rCBF and autonomic indices in multiple regions associated with emotional and autonomic
function. Of particular interest, correlations between rCBF and HRV differed between
groups in the FPC/MOFC, and dorsomedial superior frontal gyrus (dmSFG).

As reviewed earlier, findings in the literature indicate reduced vagal control of HRV in
depressed subjects assessed under resting conditions. We did not find differences in these
autonomic parameters in the resting, fixation point task, which may be related to our small
sample size. In contrast, during the handgrip task the lnHF was greater in depressed females
than in controls. We interpret this as an attenuated parasympathetic withdrawal response
under the mild stress associated with this task in MDD. In a recent study of healthy
volunteers, using a number generation task, Shinba et al. (Shinba et al., 2008) found that
subjects with higher anxiety and depressive symptom rating scale scores exhibited
attenuation of the change in HRV in response to a stressful task, consistent with our results.
Furthermore, others have shown in a resting state that females with MDD exhibit increased
HRV, in contrast to males with MDD, who showed reduced HRV (Chambers and Allen,
2007; Thayer et al., 1998).

The neuroimaging data revealed areas where the relationships between autonomic indices
and rCBF differed between depressed and healthy subjects. Given the relevance of the
visceromotor network to both depression and autonomic control, the results in the MOFC
particularly merit comment. We found a significant difference between healthy and
depressed subjects in the correlation between LF/HF and rCBF in the MOFC and FPC (BA
10p) during the handgrip task. Area 10p is part of the medial prefrontal network which
projects to numerous subcortical autonomic control areas, including the medial
hypothalamic nuclei, the dorsolateral column of the PAG, and the dorsal part of the central
nucleus of the amygdala (reviewed in (Drevets et al., 2008)), as well as the ventral tegmental
area and medial dorsal thalamus (Drevets, 2007). In addition, the MOFC is hypothesized to
support a representation of autonomic state during motivational tasks (reviewed in (Nagai et
al., 2004)). Our results suggest that differences in the function of this network between
healthy and depressed subjects may underlie the neurophysiological basis for alterations in
autonomic activity in subjects with MDD.

The ventromedial FPC/MOFC area where rCBF showed differential correlations with LF/
HF in depressed versus healthy subjects corresponds to areas where we previously showed
metabolic increases in depression that were correlated positively with depression severity
(Hasler et al., 2008). Histopathologic abnormalities also have been found in depressed
subjects in the FPC, including reductions in myelin basic protein (Honer et al., 1999), and
reductions in glial cells as compared to healthy controls (reviewed in (Drevets, 2007)).
Impaired ventromedial FPC/MOFC function may alter the balance of sympathetic and
parasympathetic autonomic regulation during stress consistent with our observation that
ventromedial FPC/MOFC function increases along with sympathetic activation during the
hand-grip task in healthy controls but not in depressed subjects.

Also of particular interest was the finding in the dmSFG, where the relationship between
rCBF and HR differed between depressives and controls. Neurophysiological activity has
been found to increase in the dmSFG during modified n-back tasks, and subjects with
lesions of the superior frontal sulcal cortex exhibit deficits in performance on working
memory tasks derived from the n-back paradigm (du Boisgueheneuc et al., 2006). This area
has also been reported to show sustained hemodynamic activity during the delay between
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stimulus presentation and the recall performance associated with working memory tasks
(Petit et al., 1998).

While the results from this study suggest that central neural control underlies differences in
autonomic responses found between depressed and healthy subjects, the pathological
mechanisms giving rise to this interaction in MDD are unknown. It has been hypothesized
that alterations in HRV in depressed subjects are mediated by dysfunction arising in the
central serotonergic system (Hildreth et al., 2008). The extant data indicate that 5HT1A
function and binding are reduced in multiple regions in depressed humans (reviewed in
(Drevets et al., 2008; Nugent et al., 2008)), and 5-HT1A receptor function has been linked to
autonomic function in studies of experimental animals. (Dando et al., 1998; Skinner et al.,
2002).

Several issues regarding this study's methodology merit comment. There are limitations to
using correlational data to identify mechanisms. When both rCBF in a certain area and an
autonomic index increase during task performance, this may not necessarily indicate that the
identified region contributes to autonomic control. Such an association may instead indicate
that rCBF in the region and the autonomic index both increase in response to increasing
difficulty, mediated by separate mechanisms. In addition, group differences in activity in
these regions may be due to a task by diagnosis interaction in hemodynamic activity. Studies
examining the correlation between n-back task difficulty and brain activation have identified
differences in healthy vs. depressed samples in our primary ROIs, namely the subgenual
ACC and MOFC (Rose et al., 2006). It remains unclear if these between-group differences
reflect differing cognitive processes between groups, or differences in autonomic response.
Furthermore, some of the areas identified in our post-hoc whole brain analysis overlap with
areas previously reported to show differences between healthy and depressed subjects during
n-back task performance without consideration of autonomic data (Fitzgerald et al., 2008;
Harvey et al., 2005; Matsuo et al., 2007; Walsh et al., 2007). Thus, the conclusions from this
study must be interpreted in light of the literature identifying regions known to participate in
autonomic regulation.

Another limitation of this study is that females were not studied in the same phase of their
menstrual cycle, given that HRV may be modulated by gonadal steroids (Sato and Miyake,
2004). While this limitation may have contributed to Type II error, it would not account for
differences between groups, since the proportions of each group studied within a particular
menstrual phase were similar. In addition, the relatively small size of the samples may have
reduced our sensitivity to detect differences between groups, and increased our Type II
error. Therefore, our findings must be considered preliminary. Finally, given the prominent
gender differences in neural control of HRV, the results of our study cannot be generalized
to males.

Although HRV has been studied extensively in MDD, this study was unique in its
exploration of neural correlates of autonomic function through PET imaging. Although no
baseline differences in neural control were evident, performance of a motor and cognitive
task revealed prominent differences in neural correlates of autonomic control between
subjects with MDD and healthy controls. This study revealed differences in neural correlates
of autonomic control, particularly in the MOFC and dmSFG which may deepen our
understanding of autonomic dysfunction in mood disorders. Future studies along the same
lines may provide crucial advances toward elucidating the pathophysiology of MDD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations/Glossary

MDD Major Depressive Disorder

HRV Heart Rate Variability

PFC Prefrontal Cortex

OFC Orbitofrontal Cortex

MOFC Medial OFC

LOFC Lateral OFC

FPC Frontal Polar Cortex

dmSFG Dorsomedial Superior Frontal Gyrus

HR Heart rate

lnHF Natural log of high frequency power of the heart rate spectrum, an indicator of
parasympathetic activation

lnLF Natural log of low frequency power of the heart rate spectrum, partially
dependent on sympathetic tone, but strongly dependent on parasympathetic
activity as well

LF/HF Ratio of low to high frequency power, generally used as an index of the
balance of sympathetic to parasympathetic tone

RMSSD Root mean square of successive differences of R-R intervals
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Figure 1.
Autonomic variables (mean + SEM) for each task by group.
aMain effect of task significant by ANOVA at p<0.001
bmain effect of task significant by ANOVA a p<0.05
cMain effect of group trended towards significance at 0.05<p<0.1
** Main effect of group significant at p<0.05 in the mixed model for a given task
* Main effect of group trended towards significance at 0.05<p<0.1
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Figure 2.
a) Illustration of the cluster within medial orbitofrontal cortex (MOFC) in which the
correlation between rCBF and LF/HF differed significantly between subjects with MDD and
healthy controls. The t-value image was thresholded at the voxel p-value of p<0.01
uncorrected, with a cluster extent 300 voxels b) The rCBF, adjusted for regressors of no
interest, plotted versus the mean centered LF/HF for the voxel within the MOFC cluster
shown in a) with the peak t-value (x=4, y=44, z=−22).
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Table 4

Regions where normalized rCBF differed significantly between depressed and control groups during each
behavioral condition.

Task Contrast Region Voxel Z Talairach coordinate

Fixation HC > MDD Dorsolateral PFC 4.40b 32 27 37

Dorsolateral PFC 4.05a −22 42 24

Handgrip HC > MDD Dorsolateral PFC 3.83a 32 29 35

Fusiform Gy 3.72a 32 −70 −10

N-Back HC > MDD Dorsolateral PFC 4.26a −22 38 22

Dorsolateral PFC 3.99b 22 36 26

a
significant at p≤0.05 after applying corrections for multiple comparisons using the cluster test

b
significant at p≤0.001 after applying corrections for multiple comparisons using the cluster test

d
Stereotaxic coordinates and Abbreviations interpreted as in Table 2
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