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Abstract

Vagus nerve stimulation (VNS) is used as an adjunctive therapy for treatment-resistant depression
(TRD). Its mechanism of action is not fully understood. Longitudinal measurement of changes in
brain metabolism associated with VNS can provide insights into this new treatment modality. Eight
severely depressed outpatients who were highly treatment-resistant underwent electrical stimulation
of the left vagus nerve for approximately one year. The main outcome measures were resting regional
brain glucose uptake measured with positron emission tomography (PET) and the 24-item Hamilton
Depression Scale. The most significant and extensive change over one year of chronic VNS localized
to the ventromedial prefrontal cortex extending from the subgenual cingulate to the frontal pole. This
region continued to decline in metabolism even toward the end of the study. Clinically, this cohort
showed a trend for improvement. No correlations surfaced between change in glucose uptake and
depression scores. However, the sample size was small; none remitted; and the range of depression
scores was limited. Chronic VNS as adjunctive therapy in patients with severe TRD produces
protracted and robust declines in resting brain activity within the ventromedial prefrontal cortex, a
network with dense connectivity to the amygdala and structures monitoring the internal milieu.
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Introduction

Depression is a clinical syndrome defined as a decline in function associated with at least two
weeks of sustained depressed mood or loss of interest or pleasure (First et al., 2004). Criteria
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include persistent evidence of at least five of a number of symptoms including diminished
interest, feelings of sadness, and physical effects. These symptoms must not result from a
medical condition (e.g., hypothyroidism, anemia); or a medication (e.g., reserpine, interferon);
or uncomplicated bereavement.

Different patients show considerable variability in response to treatments for depression.
Depression is frequently considered to have remitted or responded fully when the level of
symptoms has decreased to a low level, a threshold usually defined a priori. Patients are
considered to have responded to treatment, or improved clinically, when there is 50% or greater
reduction in symptoms as assessed with a depression rating scale.

The definition of treatment-resistant depression (TRD) varies across studies depending on the
number of failed medication trials, psychotherapies, or electroconvulsive treatments.
Conventional antidepressant therapies are unsuccessful in achieving a full response (i.e.,
remission) in about 36% of patients (Fava and Davidson, 1996). However, TRD should be
distinguished from treatment-nonresponse. Treatment-nonresponse is simply a failed adequate
trial of a treatment, whereby another drug or modality could readily induce a response. On the
other hand, TRD is a failure to respond to multiple treatment modalities and drugs despite
adequate trials, i.e., appropriate doses and length of treatment. Treatment-intolerance occurs
when the patient can not conclude a trial because of side effects. Non-compliance with taking
the prescribed medication can often appear as treatment-nonresponse and requires checking
serum drug levels to ensure that the medication was taken or that the patient did not have
extremely rapid metabolism of the drug because of their P450 genotype.

TRD has high morbidity and mortality and consumes a major share of both direct and indirect
healthcare costs. When TRD patients are tracked over two years with treatment according to
the current standard of care (i.e., “treatment as usual” such as medications with augmentation
strategies, psychotherapy, electroconvulsive therapy), over 65% do not respond at anytime,
while 81% do not remit (Dunner et al, 2006). These figures are particularly worrisome when
considering that men with severe impairment from depression have a suicide rate of
approximately 4.9% (Hirschfeld, 2000). Overall, depression is the leading cause of suicide.

VNS is an adjunctive therapy for TRD in adults. The treatment employs a device similar to an
externally programmable pacemaker that sends electrical impulses up the left vagus nerve at
the neck to the nucleus of the solitary tract (NTS) in the dorsal medulla. The vagus nerve,
through the NTS, provides widespread neuromodulatory control of subcortical and cortical
structures (George et al., 2005; Rush et al., 2005a; Henry, 2002).

The NTS projects directly to the amygdala (Rogers and Fryman, 1988) which plays an essential
role in affective processing, particularly through interactions with the ventromedial prefrontal
cortex (VMPFC). Functionally, amygdala activity tracks with activity in the VMPFC during
tasks using interroceptive and exteroceptive feedback (Hurliman et al., 2005); during the
resting default-mode of brain function (Kilpatrick et al., 2006); during script-driven imagery
in remitted PTSD patients (unpublished observation); and during treatments for depression
(Pardo et al., 2007b). However, negative correlations can occur depending on the task and on
the direction of influence between the amygdala and VMPFC (Ochsner et al., 2004; Stein et
al., 2007; van Reekum et al., 2007). The NTS also projects directly to the locus coeruleus (van
Bockstaele et al., 1999), the principal source of cortical noradrenergic innervation. It indirectly
projects to raphé nuclei that provide widespread cortical serotonergic innervation.
Furthermore, the NTS projects densely to the parabrachial nucleus (PBN) that receives
afferents from the amygdala, hypothalamus, and cortex (insula, infralimbic and lateral
prefrontal regions; Moga et al., 1990).
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The parabrachial nucleus is a complex, heterogeneous, autonomic integration network,
particularly involved in processing visceral afferent information. It projects to the
hypothalamus, periaqueductal grey, amygdala, thalamus (including intralaminar neurons
which in turn project densely to the VMPFC; Hsu and Price, 2007), bed nucleus of the stria
terminalis, NTS, and zona incerta (Bianchi et al., 1998). The PBN, through its connections to
the hypothalamus, innervates orexin neurons that project throughout the cortex and brain stem
(Mieda and Yanagisawa, 2002). In particular, orexin neurons in the lateral hypothalamus,
through actions upon the ventral tegmental area (and plausibly other sites with orexinergic
innervation such as the extended amygdala and the mesocortical limbic system), have been
implicated in reward processing: reward-seeking, food and drug preferences, drug relapse, and
addiction (Harris and Aston-Jones, 2006; Harris et al., 2007). Considerable evidence indicates
that depression involves dysfunctional reward processing which may result from dopaminergic
deficits (Dunlop and Nemeroff, 2007).

Consistent with this anatomy, chronic VNS has been shown to increase locus ceoeruleus and
dorsal raphé firing in animals (Groves et al., 2005; Dorr and Debonnel, 2006). Elements of the
circuitry reviewed above have been implicated during chronic VNS in diverse effects. For
example, VNS over 2 years induced weight loss in TRD patients that was linearly dependent
on the initial weight and was not correlated with changes in depression symptoms (Pardo et
al., 2007a). VNS for epilepsy improved mood irrespective of the degree of seizure control
(Elger etal., 2000; Harden et al., 2000). Also, chronic VNS can worsen respiration during sleep
(Marzec et al., 2003).

Nevertheless, VNS’s mode of action remains incompletely understood, especially because the
antidepressant effects continue to accrue over at least one year, a phenomenon not seen with
other traditional antidepressant treatments (Rush et al., 2005b; Nahas et al., 2005; Sackeim et
al., 2007). A recent publication has reviewed plausible mechanisms of VNS in TRD (Nemeroff
et al., 2006).

Functional neuroimaging provides insights into the mode of action of treatments for depression,
including some changes that correlate with clinical improvement (Drevets et al., 2002; Drevets
2003; Seminowicz etal., 2004; Goldapple et al., 2004). However, few studies specifically target
TRD (Pardo et al., 2007b). Some argue that evidence may be insufficient to consider TRD as
a specific subtype of depression (Fagiolini and Kupfer, 2003). To our knowledge, there is no
PET study identifying the resting metabolic abnormalities (i.e., biomarkers) associated with
unmedicated TRD. Some studies have examined metabolic correlates of those without TRD
for whom a particular treatment was unsuccessful (e.g., Little et al., 2005) or of those with
TRD during experimental treatments such as deep brain stimulation (e.g., Mayberg et al.,
2005; Schlaepfer et al., 2007). Recently, several groups have reported on neuroimaging studies
of TRD patients under treatment with VNS.

Zobel et al. (2005) measured blood flow using SPECT with 29™Tc-hexamethyl-propylene
amine oxime immediately after a sequence of VNS stimulations in 12 TRD patients. All
patients were taking mirtazipine or citalopram for at least 6 weeks before entering into the
imaging study. The patients were studied once before implantation and after 4 weeks of VNS
treatment while resting with eyes closed in the supine state. The tracer was injected about 20—
30 minutes immediately following a stimulation sequence. They reported a decline of flow in
an extensive network including amygdala; hippocampus; thalamus; putamen; caudate;
brainstem; subgenual, ventral anterior, posterior, and dorsal anterior cingulate cortex; and
orbital, ventrolateral, and dorsolateral prefrontal cortex. The only focus of increased flow arose
in the middle frontal gyrus.
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Subsequently, Conway et al. (2006) used 1°0-water PET to study four TRD women treated
with VNS for 3 weeks. The patients were on complex regimens of psychoactive medications
including antidepressants, atypical neuroleptics, hormones, benzodiazepines, and
dopaminergic agents. The medications were not changed during the 3 week trial. All were
studied in the supine state. Before imaging, the device was turned off for 30 minutes. The
patients were scanned during the four subsequent blood flow scans in an “off-on-off-on”
design. During the “on” scans, 90 s of VNS stimulation occurred immediately before tracer
injection. During active stimulation, blood flow increased in the orbitofrontal cortex (BA 11,
47); dorsal (BA 24, 32) and ventral anterior cingulate; superior and inferior frontal gyri;
cerebellum; and putamen. Blood flow decreased in temporal cortex (BA 20, 21), parietal cortex
(BA 7, 40); and pre- and post-central gyri.

In a case study of a TRD patient who began VNS treatment seven months earlier, Critchley et
al (2007) found that during a mnemonic encoding period, VNS while turned on, as contrasted
with while turned off, selectively disrupted the memory for negative words. They posited that
disruption of encoding of negative information may contribute to the antidepressant effects of
VNS. Functional MRI during encoding, i.e., semantic, abstract, self-referential judgments of
positive, negative, and neutral words presented visually, identified a main effect of VNS with
increased activity in the dorsolateral and ventromedial prefrontal cortex. There was also a word
valence (negative, but not positive or neutral) by VNS interaction that localized increased
activity to lateral orbital and ventromedial prefrontal cortex; frontal pole; ventral pons; and
insula.

Nahas et al. (2007) conducted a 1.5 T fMRI activation study on nine subjects treated with
chronic VNS for up to 20 months. They examined the direct effects of VNS stimulation by
comparing the blood oxygen level dependent (BOLD) signal during active VNS (i.e., device
on) to a resting state (i.e., device off). They found activation in bilateral superior temporal and
left somatosensory cortex and deactivation in left middle frontal gyrus, left fusiform gyrus, left
VMPFC, right cerebellum, and midbrain.

Overall, most studies reviewed show limbic and paralimbic changes; however, the direction
of change varied, which likely reflects differences across studies. First, the effects of VNS were
studied either while VNS was turned on or following discontinuation of stimulation with
differing stimulation parameters and imaging delays. Second, methods have differed, and
variously include %MTc-hexamethyl-propylene amine oxime SPECT; 150-water PET, and 1.5
T fMRI. The behavioral state has also differed across studies, e.g., eyes closed rest; eyes open
rest; watching words with varying affective valence while making self-referential judgments;
and getting runs of repeated stimulation. Additionally, subjects had varying concurrent
medications. Nevertheless, a change with VNS in the VMPFC has occurred across all studies.

Decreased activity within the VMPFC occurs frequently during therapy for TRD (Pardo et al.,
2007b). We reasoned that if VNS follows this pattern, a decrease in metabolism during the
resting state would occur in this area. Additionally, altered activity in other brain regions such
as the amygdala, hippocampus, anterior cingulate, and insula could provide clues about
treatment-specific changes, thereby furthering our understanding of the mode of action of VNS.

The present study examines brain metabolic changes in TRD patients undergoing chronic VNS
according to standard protocols. To date, there are no published neuroimaging studies using
FDG PET on TRD patients in the resting state with chronic VNS extending up to 1 year. Chronic
stimulation becomes an important issue given that the clinical effects of VNS occur over a
protracted time course (Rush et al., 2005b; Nahas et al., 2005; Nahas et al., 2007; Sackeim, et
al., 2007). The resting state was selected because it is considered the “default-mode™ of brain
function (Raichle et al., 2001). PET was chosen as the modality of choice for several reasons.
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Although each neuroimaging method has potential advantages and disadvantages, FDG PET
was used in this study for three reasons. First, measurement of glucose metabolism (more
precisely, normalized glucose uptake) provides a more direct assessment of neuronal activity
than measurement of cerebral blood flow, particularly when patients are on medications, the
situation in most TRD patients receiving adjunctive VNS. Indeed, polypharmacy has uncertain
effects upon flow/metabolism coupling, potentially confounding any changes observed in flow
with neuronal activity. Second, FDG PET has an overall good signal-to-noise ratio, and
specifically does not demonstrate signal loss in the ventral frontal regions (including VMPFC)
frequently observed with high-field fMRI. Third, temporal averaging during the FDG uptake
period has the potential theoretical advantage of decreased sensitivity to transient changes in
brain state.

Our objective was to compare basal, resting brain activity across different time points during
the course of chronic treatment. Since the antidepressant effects of VNS, unlike
pharmacotherapies or electroconvulsive therapy, appear to have a lengthy time course evolving
over many months to a year and beyond (Rush et al., 2005b; Nahas et al., 2005; Nahas et al.,
2007), we anticipated that the neural correlates might differ from those related to acute or
subacute stimulation. In particular, given the consistency of changes in VMPFC during
antidepressant treatments, we expected decreased metabolism in the VMPFC. Ethical
considerations precluded a prolonged trial of sham VNS for comparison given the severity of
iliness and suicide risk.

Eight outpatients were recruited from those who participated in a trial of VNS for adjunctive
treatment of TRD at the University of Minnesota site (Rush et al., 2005a). All patients signed
informed consent as approved by the institutional review boards of the University of Minnesota
and the Minneapolis Veterans Affairs Medical Center. The demographic data appear in Table
1. Three were male, and five were female. The average age was 44 years (range 32-55). All
but one were right-handed. Patients were typically on multiple medications including
antidepressants, neuroleptics, and anticonvulsant mood stabilizers. Any addition of a new
medication between the scans at “Chronic 6 Months” and “Chronic 1 Year” are listed (see
Figure 1 and section below, “PET Scan Dataset”). One of the four patients from these time
points began lamotrigine. Patients also had psychiatric comorbidities. Substance abuse or
dependence was not active for at least six months before enrollment. Patients were randomized
initially to have their device either turned on or off. The study was double blind during this
phase, so in recruiting eight subjects, the investigators did not know the duration of active
treatment until the blind was broken at 3 months at which time all enrollees could elect turning
the device on. All patients underwent physical examination, electrocardiogram, laboratory
evaluation, and clinical MRI to exclude those with anatomical brain lesions or diagnoses other
than TRD. Every effort was made to avoid medication changes during the acute phase of the
VNS trial (i.e., first 3 months of the trial). However, medication changes were permitted after
the initial 3 month double-blind period. Mood was assessed with the 24 item Hamilton
Depression Scale (HmD24; Hamilton, 1967). All women of childbearing potential underwent
a urine pregnancy test before each scan to minimize the possibility of unknown pregnancy.

VNS Intervention

All patients followed the trial protocol as described elsewhere (Rush et al., 2005b). Stimulation
parameters at 1 year were the following: signal frequency, 20 Hz; signal on time, 30 s; signal
off time, 5 min; current and pulse width as listed in Table 1. The average output current was
1.0 (SD 0.4; median 0.75) mA with an average pulse width of 406 (SD 129; median 500) pis.
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The device was turned off for 2 hours before PET scanning to avoid visualizing any direct
effects of acute VNS on the eyes closed resting state. The principal interest was to visualize
the long-term effects of chronic neuromodulation rather than the immediate, direct effect of
VNS.

Patients fasted overnight, and their blood glucose and urine drug screen were checked
immediately before scanning to ensure that instructions were followed. The VNS device was
turned off approximately 2 hours before the 18 F-fluorodexoyglucose was injected
intravenously at a dose of 5 mCi/kg. Subjects rested with their eyes closed in a quiet, darkened
room. They were monitored to ensure that they did not fall asleep while resting. The data for
“No Stimulation Control” and “Baseline” scans were obtained on an ECAT 953 B (Siemens,
Knoxville, TN); see vertical dotted line in Figure 1 and description of PET scan datasets in
next section) in two-dimensional mode using two interlaced scans (each lasting 10 minutes)
providing whole brain coverage. These scans were normalized during post-processing based
upon the counts in the area of overlap. The data for the “Chronic 6 Months” and “Chronic 1
Year” scans were collected on an ECAT 47 (Siemens, Knoxville, TN) in two-dimensional
mode providing whole brain coverage in one emission scan lasting 10 minutes (See Figure 1
and next section, “PET Scan Datasets™). Attenuation correction was measured along with
correction of the emission scans for scatter, decay, electronic deadtime, and random
coincidences. Images were reconstructed using filtered back-projection with a Hann filter of
9 mm FWHM. Final image resolution was approximately 12 mm FWHM. Emission images
contained 10-20 million counts.

PET Scan Datasets

The usable dataset consisted of 25 PET scans (Figure 1). Upon initiation of the trial and
approximately 2 weeks after implantation, all 8 patients were scanned before the device was
turned on for the first time (i.e., 2 weeks or 0.5 months into the study); these data are hereafter
referred to as “Baseline” (N = 8). At three months after study initiation (when the blind was
broken), 5 of 8 subjects had no stimulation: the data from these 5 patients are hereafter referred
to as “No Stimulation Control” (N = 5). About half-way into the study, 4 subjects were
scanned, and these had between 3—-7 months of stimulation; this comparison group is hereafter
referred to as “Chronic 6 Months” (N = 4). Upon the final scanning session, the 8 patients
had between 9-14 months of stimulation; these data are hereafter referred to as “Chronic 1
Year” (N = 8).

PET Data Analysis

PET data were coregistered, normalized to a whole brain mean activity of 1,000 counts, and
warped nonlinearly to the Talairach stereotactic atlas (Talairach and Tournoux, 1988). Voxel-
wise paired t-tests were calculated using Neurostat software (Statistical Image Analysis for
Paired Data v. 8.1) provided by Dr. Satoshi Minoshima (University of Washington, Seattle,
WA; Minoshima et al., 1992; Minoshima et al., 1993, 1994; Minoshima et al., 1995). T-tests
were converted to Z-scores for final display. The threshold for significance was set at Z = 3.29
(P <0.001 uncorrected) based upon bootstrapping (Zald et al., 1998). Structures were identified
by the Talairach coordinates and the corresponding atlas as well as with the Talairach Daemon
(http://ric.uthscsa.edu/projects/talairachdaemon.html). For display purposes, a threshold of p
< 0.05 (uncorrected) was used.
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Results

Clinical Data

This imaging study of VNS at the University of Minnesota (one of 21 sites recruiting for this
study) was powered to achieve statistically significant metabolic changes and was not designed
as an efficacy trial (but see Rush et al., 2005a). The presentation of the clinical data indicates
only what changes in symptoms occurred in the group undergoing imaging. Table 1 displays
the depression scores at Baseline and at Chronic 1 Year. A mixed model regression
(unconditional growth model) using all available HmD24 scores (8 subjects x 4 visits = 32
scores; clinic visits at baseline, 3 months, 6 months, and 12 months) as a function of time had
an intercept of 27.5 (S.E. = 1.58; 95% C.I. = 24.09-30.86), the estimated group HmD24 at
implant. The HmD24 point change per month after the implant was —0.48 (S.E. = 0.23; 95%
confidence interval —0.98 to 0.02) with p = 0.06. Of note, degrees of freedom in mixed model
regressions are not typically reported as they are difficult to interpret and are frequently
fractions. Matched-pair t-tests between baseline score and scores at 3 months; 6 months; and
12 months were p = 0.71; p = 0.48; and p = 0.09, respectively.

PET Results

Our institution’s scanner changed between 3 and 6 months into this study (marked by vertical
dotted bar in Figure 1). Pixel-wise repeated measures ANOVA was not used because of
confounding between time and scanner type. Also, several patients did not complete all planned
PET scans, resulting in missing data cells. The PET scan of one patient at one time point was
discarded because of technical problems and was not included in the final dataset. Therefore,
we present individual contrasts from scans pooled as in Figure 1 and present only the data
corroborated by contrasts from the same scanner.

Here, we focus upon decreases in VMPFC metabolism with VNS therapy for two reasons. An
extensive literature highlights the importance of the circuit involving the VMPFC and
amygdala to affective processing. Second, the VMPFC was the most significant and extensive
change observed in this study. The decrease in metabolism in the VMPFC could be confirmed
from data using the same scanner (i.e., Chronic 6 Months and Chronic 1 Year). This region of
decreased metabolism extended from the subgenual cingulate cortex (BA 25) to the frontal
pole (BA 10p). Table 2 shows the changes in metabolism between Chronic 1 Year and Baseline.
A complete catalog of all changes from specific contrasts is available (see Supplementary
Result, Table S1). However, caution in interpreting these changes is warranted because of the
difficulty in validating changes across time and scanners as well as varying number of subjects
for any given time.

Figure 2 shows the progressive decrease in resting VMPFC metabolism during chronic VNS.
Figure 2A shows that no VMPFC changes occurred between No Stimulation Control and
Baseline (N = 5; same scanner). In fact, there was a non-significant increase in activity in the
subgenual cingulate cortex. Only two weak, marginally significant foci (right insula and
putamen) surfaced in the entire brain. None of the other contrasts examined showed these two
foci. Figure 2B shows a significant decrease in VMPFC metabolism arising for the first time
in the contrast between Chronic 6 Months and Baseline (N = 4; different scanners). Figure 2C
(N = 4; same scanner; Chronic 1 Year and Chronic 6 Months) shows even further reduction of
resting VMPFC metabolism during this latest phase of the study when there is ongoing
symptomatic improvement (see Clinical Data). Figure 2D shows the contrast between Chronic
1 Year and Baseline (N = 8; different scanners) and reveals up to an 11% decrease in VMPFC
activity from baseline. There were no significant correlations between change in VMPFC
activity and clinical response. However, the range of the data was limited (HmD24 13-32),
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and none of the eight patients achieved full remission. Figure 3 displays graphically the changes
in metabolism in an ROI within the VMPFC at peak coordinates (6, 26, —16).

Discussion

Summary

The goals of this study were to measure the longitudinal changes in regional cerebral glucose
metabolism associated with chronic VNS in TRD patients. The study found that there was a
large and extensive decrease in metabolism in the VMPFC along with a trend-level change in
depression scores. These changes evolved over one year. No significant correlations arose
between regional metabolism and depression score. However, the sample was small; the range
of depression scores was limited; and no patient achieved remission, Nevertheless, these data
are consistent with observations showing gradual clinical improvement with VNS up to one
year and beyond, as well as previous findings of VMPFC deactivation with a variety of
antidepressant treatments.

Clinical Response

This add-on imaging study to a 10 week clinical trial of VNS in TRD (Rush et al., 2005a) was
not designed to demonstrate clinical efficacy, but rather to identify brain metabolic changes
associated with chronic VNS. Outright, it is important to emphasize that associations with
metabolic change do not prove that the observed changes mediate any therapeutic effect.
Despite studying only 8 patients, reliable statistically significant changes in brain metabolism
were identified in the VMPFC. The clinical response of these 8 patients approached
significance over the follow-up interval of approximately 1 year; however, no one remitted.
By comparison, Rush et al. (2005a) have reported the results of the 10 week main clinical trial
of VNS in TRD.

In this trial, with 222 evaluated participants, the primary response measure did not reach
significance after 10 weeks of stimulation. Subsequent observations suggested that the 10 week
interval for VNS may not have been an optimal duration of treatment for the testing of efficacy.
There is evidence from non-randomized, longitudinal studies that the antidepressant response
to VNS evolves slowly over months to years (Rush et al., 2005b; Nahas et al., 2005; Nahas et
al., 2007; Sackeim et al., 2007). This time course of response differs markedly from other
antidepressant therapies such as antidepressant medication, transcranial magnetic stimulation,
and electroconvulsive therapy, all of which show clinical improvement occuring over several
weeks. The comparatively slow evolution of response to VNS also differs from experimental
antidepressant therapies with acute and sub acute effects: deep brain stimulation (DBS) of the
subgenual cingulate (Mayberg et al, 2005); nucleus accumbens (Schlaepfer et al., 2007); or
inferior thalamic peduncle (Jimenez et al., 2007). None of the 8 patients in this study achieved
a full remission after one year of VNS therapy. At a purely descriptive level, the mixed model
regression indicated a consistent trend toward improvement. However, this imaging study was
not blinded after the initial 3 month period; so these data do not, nor were they meant to, assess
efficacy.

The present imaging data indicate that the metabolic changes associated with VNS occur slowly
and progressively over months to years. Few metabolic or clinical changes were observed
during the first three months. Significant reductions in VMPFC metabolism were still evolving
between 6 months and 1 year along with trend-level reductions in HmD24.

No significant correlation surfaced between change in metabolism and depression score.
However, the sample size was small, and the range of change scores was limited. Also, the
patients who participated in this study were extremely treatment-resistant. Existing data
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suggest that the greater the refractoriness of the illness, the less the efficacy for VNS (Sackeim
et al., 2001). Nevertheless, these data provide no direct support for a relationship between the
decrease in VMPFC metabolism and depression score. Further, an association between
decreased VMPFC metabolism and clinical improvement does not imply causality.

Neuroimaging

This research makes two significant contributions: 1) functional imaging of TRD, a population
that is difficult to study and that warrants further research because of key clinical importance;
and 2) mapping brain activity associated with chronic VNS extending to one year with FDG
PET, which is insensitive to the effects of flow/metabolism coupling. To our knowledge, no
FDG PET study of TRD patients in the resting state undergoing chronic VNS has been
published. The present experiment shows that treatment of severe TRD with chronic cervical
VNS is associated with a profound decrease (11%) in resting metabolism in the VMPFC
extending from the subgenual cingulate (BA 25) to the frontal pole (BA 10p). This magnitude
of change approaches the large changes seen with sensory stimulation such as visual or tactile
stimuli. The decline in activity is ongoing even after six months of chronic stimulation and is
consistent with the observation of evolving improvement in mood with VNS over 1 to 2 years
(Rush et al., 2005b; Nahas et al., 2005; Nahas et al., 2007; Sackheim et al., 2007).

These large and extensive VMPFC changes are unlikely to represent a placebo response for
several reasons: (1) The placebo response is low in TRD (0-10%; Thase and Rush, 1995). (2)
When the placebo response occurs, it usually appears early in treatment and does not remain
sustained (Quitkin et al., 1987). (3) In the randomized, placebo-controlled, 10 week trial of
VNS, the placebo rate was low (10%) (Rush et al., 2005a). (4) The placebo response to
antidepressant treatments visualized with neuroimaging does not show either the magnitude
or extent of metabolic change seen here (Mayberg et al., 2002). However, the placebo response
to VNS has not been studied directly using neuroimaging. (5) TRD patients undergoing sham
DBS of the subgenual cingulate show no placebo effects at least acutely (Mayberg et al,
2005). (6) The contrast between the “No Stimulation Control” and “Baseline” conditions, when
placebo effects should appear most robust because of higher expectancy shortly after
implantation, does not show a decline in VMPFC metabolism. The two foci seen elsewhere
barely passed the significance threshold. (6) The patients in this study had severe TRD and had
failed multiple courses of antidepressant trials. Repeated treatment failures induce a negative
expectancy that can reduce a placebo response or can even be associated with a ‘nocebo’
response (reviewed in Swartzman and Burkell, 1998).

Decreased resting metabolism in the VMPFC following chronic VNS is supported by the
existing literature. Henry et al. (2004) showed in epileptic patients that when compared to acute
VNS, chronic VNS diminishes VMPFC activation in response to the same stimulation. Conway
et al. (2006) found robust activation to acute, direct VNS in the same region (left VMPFC)
that was found here to decrease in metabolism after chronic stimulation with the device turned
off before scanning.

The finding of decreased resting VMPFC metabolism may either directly explain the
antidepressant effects (i.e., response-specific), or it may reflect a phenomenon unrelated to
antidepressant action, perhaps a treatment-specific effect. The small patient enrollment and
partial responses precluded a separate analysis of responders vs. nonresponders. Whether
decreased resting activity in the VMPFC is response-specific remains uncertain and will require
further research. Despite an extensive literature, however, decreased resting VMPFC activity
during VNS treatment for epilepsy has rarely been reported. The only study of epilepsy showing
decreased VMPFC activity during VNS, similar to that observed here, examined the effects of
direct, acute VNS for 60 s (Barnes et al., 2003). Therefore, we conclude that decreased VMPFC
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activity with chronic VNS is only observed in TRD, and is not a non-specific effect of chronic
VNS.

VMPFC activity is highest in healthy controls when the brain is idle during rest, considered to
reflect a “default-mode” state (Raichle et al., 2001). Of interest, increased activity in the
subgenual anterior cingulate (BA 25), a component of the VMPFC, is correlated positively
with negative affect in healthy control subjects when studied in this default-mode condition
(Zald et al., 2002). Patients at rest with active depression without medications show no
significant changes in the activity of the subgenual relative to healthy controls (Mayberg et al.,
1997), while remitted depressed patients on medications show a significant decrease (Liotti et
al., 2002). TRD patients at rest show elevated subgenual activity and show a decrease in
VMPFC activity while undergoing DBS of the subgenual cingulate cortex (Mayberg et al.,
2005). Mechanistically, although perhaps oversimplified, the decline in activity associated with
chronic VNS may reduce default-mode hyperactivity, thereby leading to decreased negative
affect.

The subgenual cingulate, perigenual cingulate, and the amygdala constitute a key affective
circuit. Recent research has begun to characterize network interactions within this circuit
(Margulies et al., 2007). For example, the short allele of the length polymorphism of the
promoter for the serotonin transporter (5-HTTLPR), a known risk factor for anxiety and
depression, decreases the functional connectivity in this circuit (Pezawas et al., 2005). In
contrast, the functional connectivity of the “default-mode” network is increased among
depressed patients, and includes a circuit involving the VMPFC (subgenual cingulate, BA 11);
thalamus; and the cuneus/precuneus (Greicius et al., 2007). Further, reduction in VMPFC
metabolism may be a final common network participating in the resolution of depression as
described in the existing literature examining patients with or without TRD under several
treatment modalities.

Each of the following antidepressant treatments is associated with decreased VMPFC activity:
SSRI antidepressants (i.e., fluoxetine, Mayberg et al, 2000; paroxetine, Brody et al., 2001,
sertraline, Drevets et al., 2002); sleep deprivation (Wu et al., 1999); successful placebo
response (Mayberg et al., 2002); and during cognitive behavioral therapy (Goldapple et al,
2004). However, different treatments recruit somewhat different subregions within this
network as well as other associated brain structures.

Reduced VMPFC activity has also been reported following electrical stimulation of the brain.
PET studies of brain metabolism before and after ECT at bifrontotemporal regions have shown
decreased metabolism in the VMPFC, and more specifically, in the subgenual cingulate cortex
(Nobler et al., 2001). This study of inpatients did not list TRD inclusion criteria, although
standard practice suggests such a sample had failed less invasive treatments such as
psychotherapy and pharmacotherapy. The effects of ECT were measured 5 days after
completing a course of bilateral treatments. Presumably the changes did not reflect direct
stimulation effects and represented more chronic than acute effects.

Bilateral DBS of the subgenual cingulate cortex, an experimental treatment for TRD, also
induces progressive decline in metabolism of the VMPFC with extension from the subgenual
cingulate toward the frontal pole through six months of stimulation (Mayberg et al., 2005).
This pattern is strikingly reminiscent of our present findings. Of interest, the antidepressant
effects of DBS were time-locked to stimulation and produced antidepressant effects acutely
(in 1-5 minutes) with a very different time course to that seen here with VNS that developed
over 1 year.

Bilateral DBS of the nucleus accumbens, also an experimental treatment for TRD, results in
decreased metabolism in the VMPFC (Schlaepfer et al., 2007). The comparison PET scans
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(before vs. after stimulation) were taken one week apart, reflecting sub acute treatment. There
were no immediate antidepressant effects, and no patient reported pleasure upon stimulation.
After one week, a significant decrease occurred in depression scores along with a metabolic
decrease in BA 10p, similar to the result of Goldapple et al., (2004). To summarize, the
convergence of decreased VMPFC activity across all of the discussed antidepressant modalities
suggests that decreased metabolism in the VMPFC constitutes a critical node for antidepressant
action

There are, however, some notable exceptions. For example, in one study, treatment with
paroxetine was not associated with a reduction of VMPFC metabolism (Kennedy et al.,
2001), but decreased VMPFC metabolism surfaced in another study (Brody et al., 2001).
Likewise, decreased VMPFC metabolism did not arise after interpersonal psychotherapy
(Brody et al., 2001). The overall change in depression scores was less than 50%, a frequent
response criterion. This limited response may have precluded detecting VMPFC changes in
activity. However, the subjects in our study also did not meet this criterion, yet VMPFC activity
decreased robustly. Taken together, these findings suggest that reduced VMPFC activity may
be necessary but not sufficient for antidepressant response.

Our principal finding regarding chronic VNS, i.e., reduced VMPFC activity in the resting state,
merits placing our results in context with respect to two other recent studies of prolonged,
chronic VNS. The first, the study by Nahas et al. (2007), found reduced activation (or change
in BOLD signal with fMRI) over time in the VMPFC in response to direct stimulation. Of note,
this result converges well with the findings of Henry et al. (2004). One explanation of both
findings (i.e., reduced activation with chronic VNS) and the present results is that the basal,
default-mode level of VMPFC activity may have exhibited a floor effect such that direct
activation in this area became progressively reduced. The second, a case study by Critchley et
al. (2007), examined BOLD signal following 7 months of VNS during the encoding of words
of different affective valence with the device turned on and off. They found increased
activation in the VMPFC under two conditions: 1) as a main effect of direct VNS stimulation;
and 2) as an interaction effect of VNS with word valence. In other words, the latter condition
showed increased activity in the VMPFC during direct VNS stimulation when encoding
negative words as compared to when encoding positive or neutral words. It is difficult to
integrate the findings of Nahas et al (2007) with those of Critchley et al. (2007) as the studies
were designed differently--longitudinal vs. cross-sectional, respectively. However, the second
finding of Critchley et al. raises the possibility that the relationship between VNS stimulation
and VMPFC activity may be sensitive to task conditions. This possibility could not be
addressed in the current study of the resting state.

The VMPFC is highly complex architectonically; densely interconnected with itself, and highly
integrative (Ongur and Price, 2000; Price, 2005). Information from the vagus nerve reaches
the VMPFC via indirect pathways through the amygdala, periaqueductal grey, hypothalamus,
raphé and locus coeruleus (Henry, 2002). The VMPFC connects to a lateral orbital system that
in turn receives projections from multiple sensory modalities (Carmichael and Price, 1995)
and to the amygdala. Thereby, the VMPFC has access to the emotional content of external
sensory information (smell, taste, hearing, sight) and to the internal milieu through vagal
afferents carrying information from mechano-, chemo-, noci-, 0smo-, and temperature sensors
(Berthoud 2004; Berthoud and Neuhuber 2000).

The VMPFC encompasses Brodmann areas 24a, 10m, 10r, 100, 10p, 32m, 14r, 14c, 13a, 13b,
11m, lai, 47/12s,and 25 (Ongur etal., 2003). The latter, part of the subgenual cingulate, appears
frequently in depression research (Mayberg et al., 2005, Wu et al., 1999, Drevets et al., 1997,
Drevets et al., 1998, Ongur et al., 1998, Mayberg et al., 2000; Liotti et al., 2000; Little et al.,
2005), but its connection to other components of the medial system merit highlighting (Ongur
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and Price, 2000). This medial network in turn connects to rostral superior temporal,
parahippocampal, and posterior cingulate/retrosplenial cortices for further integration of
information (Kondo et al., 2005).

The VMPFC probably does not have a “unitary” cognitive operation, but likely contains
numerous specialized functional modules whose elementary cognitive operations are
unknown. This appears supported by the anatomy. The VMPFC appears to be most active in
the resting “default” mode of brain function (Raichle and Snyder, 2007). Activity in this region
relates to the generation and representation of galvanic skin responses important for somatic
marker theories of emotion and decision-making (Bechara et al., 1999; Critchley et al.,
2000). A double dissociation of activity, or reciprocal sign change, arises between the VMPFC
and lateral orbitofrontal regions during working memaory for visceroappetitive/interroceptive
vs. sensory/exterroceptive information, respectively (Hurliman et al., 2005). Activation of the
VMPFC is a common feature of drug craving (e.g., Grant et al., 1996) which also shows this
reciprocal relationship between the VMPFC and lateral orbital orbitofrontal cortex, depending
upon the level of withdrawal or satiety to a drug (unpublished work from this laboratory). One
interpretation of these data concerns a role for the VMPFC in the processing of afferent internal
signals. Activity in the VMPFC also codes for more enduring dispositional traits such as
negative affect in personality (Zald et al., 2002).

In conclusion, we show here that progressive reductions in VMPFC metabolism in the resting
state are associated with chronic VNS in patients with TRD. Such changes have been reported
previously after successful antidepressant treatment. (e.g., medication trials, DBS, ECT, sleep
deprivation). In this study, no significant correlation between clinical score and reduction in
VMPFC activity surfaced. The lack of a significant relationship is likely a consequence of the
small sample size and narrow range of depression scores. Thus, rigorous investigation of
whether decreased VMPFC activity is response-specific vs. treatment-specific will require
further study. Nevertheless, these data do show robust metabolic changes in TRD with chronic
VNS that track with a slow and modest improvement in symptoms. These results are also
consistent with the hypothesis that a decline in VMPFC activity may be an important part of
the final common pathway for antidepressant response.

This study has several limitations. (1) According to the pivotal 10 week VNS trial (Rush et al.,
2005a), inclusion criteria included both unipolar and bipolar depression; one subject in our
series had bipolar disorder. Ideally for this imaging study, the affective disorder would have
been more homogeneous. Fortuitously, omitting this subject from the data analysis did not
remove the changes observed in VMPFC. (2) As VNS was adjunctive, it is possible that a
medication change, as noted in Table 1, might have contributed to the progressive decrease in
VMPFC metabolism between Chronic 6 Months and Chronic 1 Year scans. However,
removing from the analysis the one patient that started on a new medication, lamotrigine, did
not eliminate the reduction in VMPFC activity. (3) The modest sample size may limit the ability
to generalize these results to other samples. However, the decreased metabolism in the VMPFC
was very robust and statistically significant, even approaching the changes in brain activity
seen with gross sensory stimulation. (4) Missing data in several cells could be attributed to
several causes: from the randomization protocol, which was initially blinded; from variable
volunteer compliance in participating in multiple PET scan sessions; and from rare technical
difficulties with image acquisition. (5) Another issue is the change in scanners between 3 and
6 months into the study. Because different generation scanners have differing performance
characteristics (sensitivity, resolution, axial sampling, etc.), data from different scanners can
not be compared readily. This change prevented a pixel-wise, repeated-measures ANOVA,
precluding a complete catalog of all metabolic changes associated with chronic VNS. However,
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the data using the same scanner (Chronic 6 months and Chronic 1 year) showed ongoing
decreases in the VMPFC all the way to the end of the study. We, therefore, focused on the
VMPFC, the largest and most extensive change.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Summary diagram with timeline indicating time of scanning and grouping of PET scan data.
The subjects are labeled S1-S8; “x” denotes PET scan acquisition. The timeline starts at 0,
when the VNS device was implanted. At 0.5 months, the VNS device was turned on in a
random, blind manner. At 3 months into the trial, the blind was broken. The horizontal dashed
lines (-----) indicate those subjects whose device was not turned on; they subsequently had the
device turned on at three months. The solid horizontal line indicates a time period when the
device was on. The vertical dotted line indicates time of a change in our institution’s PET
camera. The subjects were grouped as follows: Baseline (all eight subjects scanned about 2
weeks after implantation and before any device was turned on); No Stimulation Control (5
subjects whose device was never turned on at 3 months into the trial); Chronic 6 months (4
subjects who were stimulated between 3 and 7 months); and Chronic 1 year (8 subjects who
were stimulated between 9 and 14 months).
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Figure 2.

Midline sagittal sections through the prefrontal cortex showing the progressive reduction in
VMPFC metabolism with chronic VNS in TRD patients. A. Contrast between No Stimulation
Control and Baseline scans (see text) showing no significant changes in the VMPFC before
the device was activated. B. Contrast between Chronic 6 Months and Baseline showing the
start of reduction in metabolism in VMPFC and related cingulate areas, specifically perigenual
and supragenual anterior cingulate. C. Contrast between Chronic 1 Year and Chronic 6
Months showing progressive reduction of metabolism in the VMPFC during this late phase
of the study along with a trend for further delayed clinical improvement. D. Contrast between
Chronic 1 Year and Baseline showing robust deactivation in VMPFC extending from
subgenual cingulate to the frontal pole.

Neuroimage. Author manuscript; available in PMC 2009 August 15.



Pardo et al. Page 20

1180
<
I 1160
o I
> 1140
>
=1 2
=r S 1120 2
é S 1100 T \ T
O
1080
3 = \
5 N 1060
= 1040 \
=
1020
1000
<
T 980 ; . .
g Baseline No-Stim Control 6 Months 1Year
> 3 Month
c
—t
>
o
=
<
)
S
% Figure 3.
@ This figure depicts the normalized mean counts within a VMPFC region of interest defined by
=1 the contiguous region found using the Chronic 1 Year vs. Baseline contrast at a threshold of
p < 0.05. (peak coordinates 6, 26, —16). Error bars show +/— Standard Error of the Mean. Note
that at ~3 months, N = 7; at ~6 months, N = 4; and at baseline and ~1 year, N = 8.
<
o
0
>
>
c
—t
>
e
<
)
S
c
%)
9
=

Neuroimage. Author manuscript; available in PMC 2009 August 15.



Page 21

Pardo et al.

"SUYIUOW 6 1B panunuodsip 79 Juejdwi BUIMmo||of syauow 9 ‘g Jusiied 10y pappe (suIBLIOWE]) UOITEIIPAW MBU ‘18PIoSIP SSalls dnewnes-1sod ‘S d ‘18piosip aAIS|NdWod sAISS3Sqo

‘@20 ‘UOISSIWAI [N} *Y ‘9ouapuadap |0Yod|e ‘Yola ‘puodssosoIl ‘sr yipim asind ‘Ad ‘dweljjiw ‘yw ‘papuey-ya| ‘] ‘papury-1ybil ‘Y ‘ofewsy ‘4 ‘afew ‘| ‘sssupapuey ‘pueH ‘aquinu yusied ‘4
*

proy a1halfesiA1eoe 1z L8 asld s yow oy 052 050 Iejodiun d 4 S
aulfeIas 9z €z Japaosip o1ued ‘o0 005 G0 tejodiun o N 1z
aulwesoon|f ‘aje1aoe
auoJaisaboldAxolpaw
‘suabo.isa payebnluod
‘uiuAingAxo ‘uaxoideu
‘auidezepiw ‘auIWEX0oAN])
‘ap1zeAp ‘wniofed 14 e 8UON 052 6.0 tejodiun o 4 ras 9
auidenanb
‘alozeidawo’|uyepow eljiydesed [enxas ‘eIWAYISAp
‘aunaxonyy ‘wedszeuod 0z Lz :(44) dap surea0d ‘yose oy 00§ 00T Jejodiq 1 W € S
auldenanb ‘sjozeidswo
1UIfepoW ‘auriaxoniy
‘wedazeuo|d ‘auopozeny
‘aulpeuayoxay) ‘suaboiisa
parebnfuoo ‘wniofed €1 z€ 18pIOSIp Jlued 00S 05T Iejodiun d 4 A4 v
‘auIxejejuan
‘aulages ‘uordoldng
‘proe o11Ad1fes|A1aoe 91 81 3UON 00§ 0S'T Jejodiun d 4 9 3
‘apIu0)ade
3UO|OUIOWIBLE ‘UISOZRIS)
‘auljetiss ‘ueiseneld
‘110 ysiy ‘surwelpAyusydip
‘uoidoidng 4 :asnge
‘p1oe o1jAd1es|A1eoe Z€ 62 3 ouelsgnsAjod ‘yols oy 0s2 0S'T Jejodiun o N ol Z
epoW ‘aunaxonyy
10 ysy ‘wely|nsip T 62 d4 :yols ‘erwing oy 00S 6.0 rejodiun o 4 ge T

N~ o

aquH
JeaA T
SUOIIRIIPaIN aluoayd adwH feniuj Alpigaowo) d1reIydoAsd s Md VYW uaaind uoissaida@ papueH Japus) aby

syuedionued Apnis 1o} elep [ealul|d
T algelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2009 August 15.



Page 22

Pardo et al.

*2100s-7 uodn paseq s 1s1] 8U Ul J8pJo ay} Jey)

910N "9ZIS J3ISN|9 PaISI] B YN PaIUSPUI-UN SI WNWIXEW [2g0]B 8SOUM J9ISN|d & UIYIIM BWIXeW [8J0] 0} 8Z1[ed0] 3ZIS JoIsn|d Buipuodsaiiod e INOYIM Pajuapul UMOYS aJe Jey) suoifial Jo aweu ay 10N

6 9'¢— 0C- Te- €5— 02vg ‘snuA9 wioyisng Yo
144 9e- 1T 8¢- - TYve ‘snuA9 [elodwa | ssisnsueI] Yo
81 Le- 7€ 8 L€ ¥V / 6VQ 'SNIAD [euoid 8|ppIN yBIY
1S 8- 9T of Ge 0Tv4d ‘sniA9 [euold 3|ppIIA b1y
Gy - Ge - zevd ‘arenbu) Jousluy Yo
219 8- 91— 9C 9 Gzvg ‘sniA9 [ejuolS [e1palN b1y
- L 6T— 8— SN3JINU [esSIop [eIP3A — Snwefey| YaT
144 05— L 11— 0T SNajonu [eslop [eIpalA — snwefeyl by
[ €G- ve € - 9vd ‘snik9 [enusdsid Yo
Juswieasl SNA Ylm asealdng
G r'e - 76— € 1Tvd ‘snih9 fenbur ybry
6ST 9 ve 01— 01— yeva ‘snik9 arenbuid Yo
9'€ 4 18- 6T 8TVva 'snA9 [end1200 aIppIN b1y
6ETT 6€ v— €l 8¢ 6Tvd ‘snih9 fenbur by
L9 oY ve v9- 61— /g 'snaundaid Yo
LEVe 9 G 65— 6T LvQ ‘'snaundaid ybry
ge 19 - Te- 9vg ‘sniA9 [ejuol Jouadns 1a
9¢ L9 L&~ 12 2vg ‘snuAB [eajusd-1s0d Wby
L'e ] - 21— LvQ ‘'snaundald Yo
8¢ 6v Te- - Gv'g ‘8Inqo [elusoeied ‘9q0 [eIU0I4 a1
X AXA 8 L9 L&~ 12— £v'g ‘SnIAB [enuasd-1sod ‘[elalied Ya
8719 Ts e ov— G- 1eJAD-0NnS ‘[e1alied Yo
(0% r— 16— 6T- LTvd ‘snih9 fenbur ye
6eEy €5 o €L—- 92— 6Tv4 'snih9 [enburi Yo
Juswyeas) SNA Ylm asealou]
AmEEV azIs 4a1sn|D 9400s-7 z A X uoi1ed0T

NIH-PA Author Manuscript

za|qeL
NIH-PA Author Manuscript

auljaseg 'SA JBa A T 2IUOIYD :1SEAUO0D 10} S8IRUIPI00I (88) Udrlieel Ul s)ead SNA

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2009 August 15.



