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Abstract

Background—Vagus nerve stimulation (VNS) has antidepressant effects in treatment resistant
major depression (TRMD); these effects are poorly understood. This trial examines associations of
subacute (3 months) and chronic (12 months) VNS with cerebral metabolism in TRMD.

Objective—!’Fluorodeoxyglucose positron emission tomography was used to examine
associations between 12-month antidepressant VNS response and cerebral metabolic rate for
glucose (CMRGIu) changes at 3 and 12 months.

Methods—Thirteen TRMD patients received 12 months of VNS. Depression assessments
(Hamilton Depression Rating Scale [HDRS]) and PET scans were obtained at baseline (pre-VNS)
and 3/12 months. CMRGIu was assessed in eight a priori selected brain regions (bilateral anterior
insular [AIC], orbitofrontal [OFC], dorsolateral prefrontal [DLPFC], and anterior cingulate
cortices [ACC]). Regional CMRGIu changes over time were studied in VNS responders
(decreased 12 month HDRS by >50%) and nonresponders.

Results—A significant trend (decreased 3 month CMRGIu) in the right DLPFC was observed
over time in VNS responders (n = 9; P = 0.006). An exploratory whole brain analysis (Pyncorrected
= 0.005) demonstrated decreased 3 month right rostral cingulate and DLPFC CMRGIu, and
increased 12 month left ventral tegmental CMRGlu in responders.
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Conclusions/Limitations—VNS response may involve gradual (months in duration) brain
adaptations. Early on, this process may involve decreased right-sided DLPFC/cingulate cortical
activity; longer term effects (12 months) may lead to brainstem dopaminergic activation. Study
limitations included: a) a small VNS nonresponders sample (N = 4), which limited conclusions
about nonresponder CMRGIu changes; b) no control group; and, c) patients maintained their
psychotropic medications.
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Treatment resistant depression; Vagus nerve stimulation; Positron emission tomography;
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Introduction

Vagus nerve stimulation (VNS; intermittent electrical stimulation of the left cervical vagus
nerve via an implanted electrical pulse generator) has demonstrated antidepressant efficacy
in treatment resistant major depression (TRMD) patients, with one year response rates
ranging from 27 to 53% [1-4]. Further, unlike ECT and other preferred TRMD treatments,
patients who respond to VNS tend to maintain their response [5].

Clinical studies of VNS in TRMD demonstrate that the antidepressant effects of VNS are
typically delayed: many patients do not respond (i.e., decrease depression scale score by =
50%) to treatment of less than 6 months. In a naturalistic, one-year, open-label extension of
a multicenter trial, Rush et al. [4] found that 15% of TRMD patients responded to VNS at 3
months, 18% at 6 months, 23% at 9 months, and 30% at 12 months. These cumulative
increases over a period of sustained VNS suggest that VNS may bring about a gradual and
cumulative change in the brain, as is observed for VNS in epilepsy [6].

Currently, how VNS brings about its antidepressant effects is not known. Neuroimaging
studies have begun to inform us of the mechanism of VNS in TRMD. The majority of these
studies has assessed the effects of immediate stimulation and has noted VNS-induced
change in the orbitofrontal, anterior cingulate, dorsolateral prefrontal and insular cortices,
striatum, cerebellum, and brainstem [7-11]. Fewer studies have assessed chronic VNS
effects on brain activity [9,12-14]. These longer-term studies vary considerably in VNS
duration (1-20 months) and the findings are somewhat disparate: decreases in medial frontal
and limbic activity have been found at 4 weeks [14]; decreases in insular and precuneus
regional cerebral blood flow have been found at 10 weeks [12]; and metabolic/blood flow
decreases in the subgenual cingulate and ventromedial prefrontal cortex have been found at
one year [13]. The only 12 month VNS neuroimaging study was not able to correlate
antidepressant outcome with change in regional cerebral glucose metabolic rate (CMRGIu),
secondary to small response rate (2/8 subjects responding at 12 months [13]).

The afferent vagal pathway enters the CNS at the medulla terminating in the nucleus tractus
solitarius NTS [15]. From the NTS, the largest collection of fibers travels to the parabrachial
nucleus (PBN); alternatively, NTS fibers can bypass the PBN and synapse in the ventro-
posteriormedial thalamic nucleus (VPMpc; [16]). PBN and VPMpc projections connect to
many brain regions intimately involved in depression including: the hypothalamus,
amygdala, and the bed nucleus of the stria terminalis [17]. Additionally, the VPMpc carries
vagal afferent information to the anterior insular cortex [18]. The insular cortex then
communicates with more rostral regions of the cortex (orbital and ventrolateral prefrontal
cortex), and also indirectly communicates with the medial prefrontal cortex [19].

In this study, we assessed changes in brain activity at subacute (3 months) and chronic (12
months) time points in 15 TRMD VNS subjects using 1"fluorodeoxyglucose positron
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emission tomography (FDG-PET). Subjects underwent serial FDG-PET scans at 3 time
points during their VNS course: baseline (following implantation, but prior to initiation of
stimulation) and after 3 and 12 months of sustained VNS. Mean relative cerebral glucose
metabolism (CMRGIu) was obtained from eight a priori selected regions of interest (ROI):
bilateral orbitofrontal cortex (OFC), dorsolateral prefrontal cortex (DLPFC), anterior insular
cortex (AIC), and anterior cingulate cortex (ACC). These regions were selected because
they are components of the VNS afferent pathway (especially the AIC, OFC, and indirectly
the ACC [17-19] have previously been identified in TRMD-VNS imaging studies [7—
9,12,13], and are critical regions in existing depression models [20]. Longitudinal
comparisons of regional CMRGIu (for both responders and nonresponders) over these three
time periods were made. Additionally, exploratory analyses, including a whole brain,
voxelwise analysis of regional CMRGIu brain change, and an analysis of brainstem (ventral
tegmental area) CMRGIu change was performed to further examine/understand the effects
of VNS response.

Methods and materials

Subjects

The study was approved by the institutional review board of Washington University School
of Medicine, and written informed consent was obtained. Subjects were recruited from
community psychiatrists (n = 10) or as participants in the VNS D-21 (n = 15) entitled
“Randomized comparison of outcomes in patients with treatment-resistant depression who
receive VNS therapy administered at different amounts of electrical charge,” (sponsored by
Cyberonics, Inc., Houston, Texas, USA) occurring simultaneously at Saint Louis University.
Subjects were diagnosed with unipolar TRMD. A telephone screen was used to identify
potential study candidates and final determination was made following a structured clinical
interview (and verification of treatment resistance via chart review).

Because of the nature of the study treatment (permanent device placement and long term
stimulation), stringent criteria were followed in selecting subjects. For study inclusion,
TRMD was defined as: a current diagnosis of major depressive disorder, as defined by
DSM-IV (confirmed using the Structured Clinical Interview for DSM-1V [21]); at least 2
adequate dose-duration medication trial failures in the current depressive episode; and a
minimum of 4 lifetime anti-depressant treatment trial failures. Medication treatment failures
were defined using a modification of the Antidepressant Treatment History Form (ATHF;
[22]). Using this ATHF, each medication was scored on a 1-4 scale according to the
Antidepressant Resistance Rating (ARR) scale. Each subject required a score = 3 on the
ARR scale for each failed treatment trial and an exposure to this antidepressant dosage for at
least eight weeks (ATHF requires 4 weeks). Failed adequate duration trials of proven
antidepressant augmentation agents (aripiprazole, thyroid hormone, and lithium
augmentation) were also included. The classes of failed antidepressant trials included:
selective serotonin reuptake inhibitors, venlafaxine, buproprion, duloxetine, mirtazipine,
heterocyclic/tricyclics, monoamine oxidase inhibitors, electroconvulsive therapy (ECT),
nefazodone. Additionally, all subjects required a baseline (pre-VNS implantation) score of
>18 on the Hamilton Depression Rating Scale-24 item (HDRS; [23]) and were 18-85 years
of age.

Exclusion criteria included: other co-morbid active Axis | DSM-IV diagnosis, pregnancy,
history of stroke, traumatic or closed head injury, brain malformation, MRI
contraindications, acute suicidal intention, recent history of serious suicide attempt, recent
substance abuse/dependence (12 months), and personality disorder.
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Chronic/severe personality disorders (especially DSM-1V cluster B) are frequently
characterized by chronic dysphoria which can be misidentified as TRMD and introduce
significant bias in TRMD studies [24]. For this reason, stringent criteria were followed to
ensure exclusion of individuals with chronic/severe co-morbid personality disorders. This
was accomplished by conversations with the referring psychiatrists, careful review of
psychiatric medical records, and in-person interviews with a licensed psychiatrist or
psychologist.

In our clinical experience, TRMD patients frequently resist discontinuation of their existing
psychotropic/antidepressant medications (e.g., they express that the medication is minimally
helping them and keeping them from becoming suicidal). For this reason, it was determined
to keep subjects on their existing psychotropic medications (Table 1S); however, subjects
were instructed not to modify these medications throughout the study duration. The number
of psychotropic medications/subject is summarized in Table 1, the exact psychotropic
medications are summarized in Table 1S.

Mood assessments

The Hamilton Depression Rating Scale — 24 item (HDRS) was administered at baseline
(within 2 weeks of VNS implantation but prior to VNS), and after 3 and 12 months of VNS.
Treatment response was a priori defined as =50% decrease from the baseline HDRS score;
treatment remission as an HDRS score of <9 (as these measures have previously been
defined in VNS treatment outcome studies [4,25]).

Imaging and scan acquisition

MRI scans—All study scans were performed at the Washington University School of
Medicine Clinical Center for Imaging Research. Prior to implantation, all subjects
underwent a 3 T MRI scan on a Siemens Trio MRI scanner with the following parameters:
3-D fast gradient echo MR acquisition, magnetization prepared rapid gradient echo
(MPRAGE); orientation = sagittal; TR = 10 ms; TE = 4 ms; inversion time = 300 ms; Flip
angle = 8; 1 slab = 160 mm; 3D partitions = 128; slice thickness = 1.25 mm; matrix = 256 x
256; scan time = 11.04 min; voxel size =1 x 1 x 1.25.

Pet scans—All subjects underwent three FDG-PET scans. The first scan occurred within 2
weeks of implantation, but prior to initiation of stimulation. The second and third scans
occurred following 3 and 12 months (within £ 5 days) of VNS respectively. These scans
were obtained using a Siemens Biograph 40 TruePoint PET/CT scanner (Siemens, Berlin) in
three-dimensional acquisition mode.

All FDG-PET scans were performed in the morning, and patients were instructed to fast
prior to the scan (to avoid fluctuations in serum glucose), as well to hold morning
psychotropic medications until after the scan. For the first PET scan (baseline), the VNS
device had not yet been activated. At the 3 and 12 months scans, subjects arrived 1 h prior to
their scans and their devices were turned off for 1 h (during which they reclined quietly in a
dimly lit room). Following this hour, subjects were intravenously injected with
approximately 10 mCi of FDG. Subjects then reclined in a quiet, dimly lit, visually neutral
room for 40 min and were instructed to remain awake (eyes open) in a resting, comfortable
state, and to avoid anxiety- or mood-related thoughts. Following this 40 min incubation,
subjects were positioned supine in the scanner with scanning planes oriented to the
canthomeatal line and were instructed to keep their eyes open and fixed on a set point and
stay awake. A computed tomography (CT) scan was obtained for attenuation correction. A
20 min emission PET scan was then obtained.
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VNS device activation

Following the baseline PET scan, each subject had their device activated and adjusted (over
the course of the first 2 weeks) to tolerate the highest tolerable current (starting at 0.25 mA
and increasing by 0.25 mA increments). All changes to VNS device parameters, including
pulse width, frequency, and duty cycle, were recorded. To ensure protection of the dose-
finding trial, the 5 subjects from this study had their devices turned on in a blinded fashion
(i.e., both patient and research team were not aware of the initial electrical parameters).
Once the dose-finding trial was completed, we were allowed access to the dosing parameters
of these five subjects.

Data processing and analysis

PET images were reconstructed (DIFT algorithm) using Siemens (Berlin, Germany)
software. The algorithm used to preprocess reconstructed time-binned PET data, including
correction for head motion and atlas registration, has been previously described in detail
[26]. Briefly, within-session head motion correction was achieved by mutual co-registration
of the four 5 min frames. The PET images then were intensity normalized to obtain a whole-
brain mean value of 5000. The intensity-normalized PET data then were registered across
sessions and the cross-session sum was registered to the individual's structural MRI. The
MRI was registered (12-parameter affine transform) to a template representing Talairach
atlas space [27] as defined by the spatial normalization method of Lancaster et al. [28]. The
sequence of transforms linking the PET data to the atlas was composed and the PET data
then were resampled in atlas space (2 mm cubic voxels). Finally, the data were smoothed
(Gaussian filter 10 mm FWHM) before statistical analysis.

Eight ROIs were selected a priori to assess for CMRGlIu: bilateral (left and right) ACC,
AIC, OFC, and the DLPFC. Masks of each ROl were created by manual demarcation on
each subjects’; MRI (Analyze® software, Mayo Foundation, Rochester, MN, USA), with
verification of anatomical demarcations by a neuroanatomist (JLP). Standardized
methodologies were used for each regional demarcation: orbitofrontal cortex: Brodmann's
area (BA) 10/11/47 traced in the coronal plane using the boundaries defined by Ballmaier et
al. [29] dorsolateral prefrontal cortex: BA 9/46 traced using the boundaries described by
Rajkowksa and Goldman-Rakic [30]; anterior cingulate cortex: traced in the coronal plane
using the methodology described by McCormick et al. [31]; anterior insular cortex: traced in
transverse and coronal planes as defined by Naidich et al. [32]. Fig. 1 displays the
boundaries of these ROIs.

Imaging statistical analysis

Only data from subjects who completed 12 months of VNS were analyzed. Using the 3
dimensional ROI created using each subject's MRI within Analyze®, regional CMRGIu
activity was extracted for each ROI from their FDG-PET scans at each timepoint (baseline,
3 and 12 months). Statistical analysis of the extracted PET regional data was performed
using SPSS (version 19.0, IBM Corporation, 2010). Changes in HDRS and CMRGIu across
the three time points (baseline, 3 and 12 months) were evaluated using repeated measures
analysis of variance (ANOVA). CMRGlIu change (within each ROI) was evaluated
separately in 12-month responders (n = 9 with =50% decrease in HDRS between baseline
and 12 months) and nonresponders (n = 4) using polynomial trend analysis within the
ANOVA to evaluate significance of linear and quadratic trends. The P-value for significance
was set at < 0.00625 (0.05/8) in order to accommodate multiple comparisons in the primary
analyses. For specific ROIs, correlation coefficients were calculated between change in
CMRGlu (baseline to 3 months, baseline to 12 months) and change in HDRS (baseline to 12
months).
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Exploratory analyses

Whole brain, voxelwise comparison over time—To determine if regional changes
were occurring with VNS treatment outside of our ROIs, an exploratory whole brain,
voxelwise comparison of VNS responders and nonresponders was also conducted using
Statistical Parametric Mapping software (SPM8, Welcome Trust Center for Neuroimaging).
Paired t-tests were done comparing pre-treatment baseline CMRGIu to 3 and 12 months
VNS for both responders and nonresponders. Regions of CMRGIu change associated with
subacute and chronic VNS (3 months versus baseline and 12 months versus baseline) were
assessed using general linear models (Pyncorrected = 0.005 for peak voxel threshold). For a
cluster to be considered significant, it had to exceed the “minimum expected cluster size” (as
calculated by SPM8 based on Gaussian random field theory and the smoothness of image
data and listed in the SPM output file [33]).

Substantia nigra (ventral tegmental area) subregional analysis

Results

The whole brain voxel-wise analysis identified that VNS-responders (but not
nonresponders) had increased CMRGlIu activity in the left substantia nigra (ventral
tegmental area [VTA]) that approached our established threshold (Pyncorrected = 0.005). We
selected to further explore chronological VTA changes in CMRGlu for several reasons.
First, the VTA is a critical component in the reward and mood systems and previous studies
have suggested increased dopaminergic activity with VNS in TRMD [20,34,35]. Second,
studies suggest that other neurostimulation modalities (e.g., deep brain stimulation and
transcranial magnetic stimulation) activate the dopaminergic reward pathways including the
substantia nigra/VTA [36,37]. As described in the primary ROI analysis above, CMRGIu
data were extracted from the VTA and statistical comparisons (ANOVA) were employed.
Additionally, a correlation analysis between change in VTA and change in depression was
performed.

Sample description

Of the 15 subjects who were consented and received the pretreatment FDG PET scan, 13
completed the trial (of the 2 lost to follow-up, one developed an implant site infection and
required device explantation, and the other voluntarily withdrew prior to 3 month follow-up
without explanation). Study demographics and depression history of subjects who completed
the study are summarized in Table 1. The sample had an early mean age of onset of
depression (19.2 years, S.D. = 11.3), many years of depression (mean = 23.3, S.D. = 14.2),
and numerous failed antidepressant trials (mean = 7.1, S.D. = 2.5). The mean number of
current psychotropic medications for the entire sample completing the trial was 4.2, and
there was no statistical difference (P = 0.28) in psychotropic medication count between VNS
responders and nonresponders.

Initially, all stimulation cycles were set to 30 s of stimulation every 5 min (30/5). Other
VNS parameters were set to the participant's highest tolerable current or by the parameters
of the multicenter dose-finding study. Parameter adjustments were allowed, where clinically
indicated, during the study. However, little variation in settings occurred. At 3-month
follow-up, mean current was 1.04 mA (S.D. = 0.37), mean signal frequency was 21.5 Hz
(S.D. = 3.8), and mean pulse width was 298.5 pis (S.D. = 119.5); all stimulation cycles were
30/5. Mean values at 12-month follow-up were 1.27 mA (S.D. = 0.44), 21.5 Hz (S.D. = 3.8),
365.4 ps (S.D. = 165.1), and 30/4.3 (S.D. = 0/1.1). There were no statistically significant
differences in any of the VNS electrical parameters between VNS responders and
nonresponders. All subjects who were concomitantly in the dose-finding trial finished as
VNS responders.
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Mood assessments

At the end of 12 months of VNS, there were nine VNS responders (>50% HDRS
improvement) and 4 nonresponders. Of the 9 responders, 5 were remitters (HDRS score <
9). HDRS scores declined significantly and linearly from baseline (mean = 27.6, S.D. = 3.4)
to 3 months (mean = 21.8, S.D. = 9.1) to 12 months (mean = 13.1, S.D. = 10.8), F(1,12) =
34.1, P < 0.001. Only two of the nine 12 month responders had achieved response by 3
months.

Primary outcome results

CMRGIu changes at 3 and 12 months—CMRGIu values for all eight ROIs from
baseline to 3 and 12 months are summarized in Table 2. A significant quadratic (v-shaped)
trend in CMRGIu change in the right DLPFC was noted for responders (P = 0.006), but not
nonresponders (p = 0.87). A scatterplot depicting the change in CMRGIu occurring in the
right DLPFC in the sample is depicted in Fig. 2.

Exploratory analyses

Whole brain voxelwise change in CMRGIu at 3 and 12 months—For the
combined 13 subjects, there were no identified regional changes noted at either 3 or 12
months. There were changes (whole brain, thresholded at Pypcorrected = 0.005, minimal
cluster size = 142 voxels) identified for responders. As summarized in Table 3, CMRGlu
decreased from baseline to 3 months in the right dorso-lateral prefrontal cortex (BA 9),
dorsomedial prefrontal cortex (BA 9), rostral anterior cingulate cortex (BA 32), and right
superior temporal gyrus (BA 42)/right posterior insular cortex. From baseline to 12 months,
CMRGlu decreased in the right superior temporal gyrus (BA 42) and right posterior insular
cortex and increased in the left inferior temporal gyrus and cerebellar hemisphere. PET
images demonstrating these changes are seen in Fig. 3. There was a third region of increased
CMRGilu localizing to the right brainstem (substantia nigra, ventral tegmental area [VTA])
which approached statistical significance (peak voxel = 0.001, t = 4.4), but did not achieve
the minimal cluster size required (minimum voxels = 142, actual cluster size 136 voxels).
Finally, although not achieving statistical significance, the exploratory whole brain analysis
also demonstrated left-sided increased CMRGlu in the left hypothalamus in VNS-
responders, but not in nonresponders.

Substantia nigra (ventral tegmental area) subregional analysis

As shown in Table 4, a clear linear trend emerged for CMRGIu for the VTA among
responders (P = 0.002, uncorrected). An opposite linear trend was noted in the
nonresponders, but it did not reach statistical significance due to the limited number of VNS
nonresponders. Of the 9 VNS responders, 7 demonstrated increased CMRGIu at 3 months
and 8/9 demonstrated increased CMRGIu at 12 months (relative to baseline). In contrast, 3/4
VNS nonresponders demonstrated decreased VTA CMRGIu at 3 months and 3/4
demonstrated decreased VTA at 12 months, relative to baseline. The pattern of change was
suggestive of a cross-over interaction effect. Therefore, a mixed-model ANOVA was
calculated that compared CMRGIu change over time as a function of response group
(responders vs. nonresponders). An interaction effect was observed for the linear trend,
F(1,11) = 18.6, P =0.001. Fig. 4C displays the cross-over interaction. As a final analysis,
CMRGIu change scores for the substantia nigra (baseline to 3 months, baseline to 12
months) were correlated with HDRS change scores (baseline to 12 months). CMRGlu 3-
month change was correlated with HDRS change at r = -0.60, P = 0.03; CMRGIu 12-month
change was correlated with HDRS change at r = -0.61, P = 0.027 (both r probability values
uncorrected). These relationships are depicted in Fig. 4A and B. Fig. 5 compares the 12
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month CMRGIu left sided VTA and hypothalamic change observed in VNS responders
versus nonresponders.

Discussion

In subjects who responded to VNS for TRMD at 12 months, a significant trend of
decreasing mean regional CMRGIu was identified in the right DLPFC over time. This
change followed a “v-shaped” quadratic pattern, with a decrease in right DLPFC CMRGIu
at 3 months and returning to approach baseline at 12 months. These findings suggest a
transient subacute flux state occurring with VNS in TRMD at or prior to 3 months of
stimulation. Exploratory analyses suggested further areas of change, most notably the VTA.

These findings stand in contrast to the only other 12 month FDG-PET study of VNS in
TRMD [13], which noted decreasing ventromedial prefrontal CMRGIu over 12 months.
Several marked differences in design and antidepressant outcome exist between the current
study and the Pardo et al. [13] study that may explain the discrepancy: (a) Pardo et al. [13]
studied 8 subjects, only 2 of whom were responders with no remitters; (b) they had very
wide windows of PET scanning time points (e.g., “chronic scan 1” PET scan range was 4-6
months, “chronic scan 2” PET scan range was 9-14 months), wherein only 4/8 subjects had
the first chronic scan (and 2 of whom were eventual responders); and (c) only the baseline to
12 month scan comparison contained all 8 subjects (again, with only 2 responders). Thus,
with the absence of 4 “datapoints” at the 6 month scan, the Pardo et al. study had limited
ability to identify trends in CMRGIu change from baseline to 12 months; changes in
responders would have been nearly impossible to detect with n = 2 responders; and variation
in PET imaging acquisition and missing PET data would have increased error variance. In
contrast this study had a larger sample size (13 vs. 8), precise scan time points (3 and 12
months + 5 days), a considerably earlier “midpoint” scan (3 months), much higher response
rate (69% vs. 25%), and treatment remitters (38% vs. 0%). If, as we propose, a relatively
early change event occurs (3 months) in those patients responding to VNS, the Pardo et al.
study design would likely have missed that event (2nd chronic scan occurring between 4 and
6 months).

Dorsolateral and dorsomedial prefrontal cortex deactivation associated with VNS

Similar to the findings of this trial, several VNS TRMD neuroimaging studies have
demonstrated DLPFC changes. Mu et al. [8], using blood oxygen level dependent functional
MRI (BOLD-fMRI), found acute deactivation of the left DLPFC at low pulse width VNS
(150 ps) and increased left DLPFC/medial PFC activity with higher pulse width VNS (300
and 500 ps). Neuroimaging studies of the sustained effects of VNS in TRMD also implicate
the right-sided DLPFC. Nahas et al. [9], using BOLD-fMRI, studied the effects of sustained
VNS (100 weeks) on the TRMD brain's immediate response to stimulation (activated and
measured VNS brain responses in real time). Initially, immediate VNS coincided with
activation in the right DLPFC (BA 46); however, with additional sustained stimulation,
immediate VNS stimulation led to predominantly deactivation (deactivation “switch”
occurred at 30 weeks VNS, approximately the time patients frequently denote antidepressant
improvement). Using linear regression it was determined that immediate VNS (applied
sequentially over time) was associated with decreased activation in the right DLPFC.
Similarly, Zobel et al. [14], using single photon emission-computed tomography (SPECT),
found a significant decrease in the right (but not the left) DLPFC after 10 weeks of VNS.

Numerous studies have demonstrated baseline decreases in DLPFC activity associated with
depression; others have demonstrated that these baseline DLPFC decreases resolve with
antidepressant medication treatment [38]. Conversely, similar to this VNS study, Nobler et
al. [39], using FDG-PET, found bilateral DLPFC decreases in regional metabolic activity
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after a course of ECT. Similarly, Goldapple et al. [40], found bilateral DLPFC decreases in
regional cerebral metabolic activity following a course of 15-20 cognitive behavioral
therapy sessions.

Antidepressant effects of VNS evolve over extended time frame

Studies in both TRMD [4] and epilepsy [6] demonstrate that the therapeutic effects of VNS
occur with sustained stimulation. The findings of this neuroimaging trial suggest significant
regional metabolic changes occur early (at least in the first 3 months) of VNS in TRMD.
Interestingly, for our selected ROIs, the CMRGIu values trend back toward baseline values;
however, for the VTA, CMRGIu increases continued through month 12 in responders.
Hence, early (largely right-sided decreases) in CMRGIu may be necessary for subsequent
brainstem (VTA) changes.

Difference in left and right hemispheric changes in CMRGIu

Data from this study demonstrate a clear hemispheric dichotomous pattern, with early (3
months) VNS treatment predominantly associated with decreased CMRGIu on the right
(especially in the DLPFC, rostral ACC, and dorsomedial PFC) and increased CMRGIu on
the left. This right-decrease, left-increase activity pattern has been observed in most
previous chronic VNS neuroimaging studies regardless of the duration of stimulation
[9,12,13]. Kosel [12], using [¥®™Tc]-HMPAO SPECT before and after 10 weeks of VNS in
TRMD, found deactivation in the right precuneus, cuneus, and lingual gyrus. Nahas et al.
[9], in the previously described BOLD fMRI study, found decreased immediate in-scanner
stimulation response in multiple right-sided structures including the right insula and DLPFC
(BA 46) with greater VNS chronicity (months).

The right versus left hemispheric specificity of CMRGIu change observed predominantly at
3 months of VNS in responders is consistent with several lines of evidence suggesting an
inter-hemispheric imbalance in depression [41]. These models posit that depression is
associated with right hemispheric hyperactivation/left hemispheric hypoactivation.
Numerous neuroimaging studies (PET, fMRI) have demonstrated prefrontal cortex
(especially DLPFC) hypoactivity on the left and hyperactivity on the right in MDD [41]. In
fact, one recent fMRI challenge study demonstrated that depression severity correlated with
right hemisphere hyperactivity [42]. Further, efforts to selectively modulate left vs. right
cortical activity (using transcranial direct current stimulation or transcranial magnetic
stimulation) follow this paradigm of attempting to increase cortical activity on the left and
decrease activity on the right [43,44]. Finally, hemispheric lateralization may be critical to
understanding treatment-resistance in MDD. Bruder et al. [45] found that SSRI-resistant
depressives were more likely to demonstrate right-sided EEG hyperactivity than SSRI-
responders. Similarly, our group found that increased right anterior insular CMRGIu
correlated with antidepressant nonresponse to VNS in TRMD [46].

The early left-right asymmetrical changes we observed suggest that VNS in TRMD may
engage an opponent interaction between the left and right sides of the AIC/ACC core control
network. This matches an evolving model which associates left/right asymmetry with
approach/avoidance behavior [47], positive/negative affect [41,48,49], and parasympathetic/
sympathetic functions [50]. Thus, hyperactivation on the right in MDD, signifying negative
affect and cortisol release, may be reduced by VNS activation on the left, which generates
positive affect, increased immune function, and most importantly, de-activates the right
hemisphere.
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Brainstem activations observed at 12 months in VNS responders

One of the more compelling, although highly preliminary, findings of this longitudinal
neuroimaging trial was an increase in CMRGlIu in the VTA region of the left substantia
nigra in VNS-responders at 12 months. The VTA is a small region in the ventromedial
mesencephalon, which contains dopaminergic cell bodies that extend medially from the pars
compacta of the substantia nigra (SN). Together with the medial substantia nigra, the VTA
provides dopaminergic projections to several limbic-related brain regions, including the
nucleus accumbens and other ventromedial parts of the striatum, and the prefrontal cortex
[35]. These dopaminergic pathways are believed to have a central role in reward processing
and addictions, presumably by signaling the presence of reward [35]. The observed VNS-
responder-specific increase in VTA CMRGlIu further suggests that increased dopaminergic
function may be a critical part of the mechanism of action of VNS in TRMD. This is
consistent with the findings of Carpenter et al. [34] who found increased cerebrospinal fluid
(CSF) homovanillic acid (a metabolite of dopamine) following VNS inTRMD; CSF
metabolites of serotonin/norepinephrine were unchanged. However, given the small number
of VNS nonresponders, these findings are highly preliminary and will require replication.

Limitations and future directions

The sample size was relatively small, with 13 of 15 subjects completing 12 months of
follow-up, with 9 responders and only 4 nonresponders. Thus, statistical power was
inadequate to detect smaller differences and multivariate data analysis was restricted. For
example, although we did not observe similar early (3 month) decreases in regional
CMRGlu in the VNS nonresponder group, the small number of VNS nonresponders (n = 4)
prohibited us from making any definitive conclusions. However, collection of large groups
of well-characterized, VNS-implanted TRMD subjects is very difficult. To our knowledge,
this sample is the largest longitudinal VNS TRMD imaging sample (12 months) gathered to
date. We knew at the study design phase that assembling a large sample size was cost
prohibitive. Further, to minimize the chance of type 1 errors, we a priori limited the number
of brain areas to be compared between groups to only 8. Furthermore, we adjusted P values
using the stringent Bonferroni correction. Importantly, this study lacked a control group, i.e.,
all subjects received active VNS; hence, we cannot conclusively state the CMRGIu changes
occurred as a result of VNS or that these CMRGIu changes reflect the effects of VNS. It is
possible that the changes observed could have been unrelated to sustained VNS or an
interaction coming about as a result of the clinical change.

Study subjects were on adjunct psychotropic medications. Studies have demonstrated that
whole brain metabolism can be reduced by benzodiazepines and antipsychotic drugs, which
could potentially confound interpretations of absolute and normalized values [51,52]. It
would be optimal to have all subjects medication-free; however, we chose to allow subjects
to continue their medications because many TRMD patients are clinically fragile and the
medication combinations they are on protect them from dangerous behaviors (suicidal
behaviors, e.g., 25% of study subjects had history of a suicide attempt). To minimize
variability, subjects remained unchanged on their psychotropic medications throughout the
12-month trial and were instructed to postpone morning psychotropics until after their PET
scans; however, it is conceivable that subjects varied their situational medication use (e.g.,
benzodiazepines) during the study.

Our VNS antidepressant response rate (9/13 completers = 69%) was considerably higher
than the rate seen in the multicenter trials (27-53%). We attribute this higher rate of anti-
depressant response to more rigorous screening for potential TRMD confounding factors
(specifically comorbid significant personality disorder and substance abuse). This high
response rate is consistent with our previous experience: of the 54 VNS implants performed
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at our institutions for TRMD (St. Louis University and Washington University Schools of
Medicine), 67% (36) have responded at one year (unpublished data).

Lastly, evidence exists that MDD may lead to structural changes (primarily regional
decreases) in depression-related brain regions, including regions in the current study [53].
These structural changes could lead to misestimations of the magnitude of the changes in
regional metabolic activity due to partial volume averaging [54]. In an effort to address this
issue, we drew individual ROIs based on each subject's MRI scan (rather than using a
nonspecific atlas-based regional mask).

Supplementary Material

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

Depiction of regions of interest (ROI) locations; for description of methodology of ROI
tracing see “Methods and materials”. Abbreviations: ACC = anterior cingulate cortex; AIC
= anterior insular cortex; DLPFC = dorsolateral prefrontal cortex; OFC = orbitofrontal
cortex.
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Scatterplot depicting individual subject change in CMRGIu in the right DLPFC (baseline to
3 months = diamonds; 3-12 months = circles) versus percent change in Hamilton
Depression Rating Scale score from baseline to 12 months. Vertical bars identify individual
subjects. Solid markers = responders; open markers = nonresponders. Note the quadratic (v-
shaped) change evident for 7/9 responders: decreased CMRGIu baseline to 3 months,
increased CMRGIu 3-12 months; nonresponders demonstrated no consistent pattern of
change. BL = baseline; CMRGIu = cerebral metabolic rate for glucose; HDRS = Hamilton
Depression Rating Scale (24 item).
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Figure 3.

FDG-PET changes (responders vs. nonresponders; t statistic images; thresholdedat
Puncorrected = 0.005, minimal cluster size 142 voxels) at 3 and 12 months. Columns 1 and 2
depict sagittal sections at Talairach slices x =5 and 7. Note the right-sided decreased
CMRGlu in the dorsomedial (BA 9; red circle) and rostral anterior cingulate cortex (BA 32;
yellow circle) noted at 3 months in responders, but not in nonresponders. Further, these
changes are not seen later in the course of VNS (12 months). Column 3 depicts a sagittal
section at Talairach slice x = 39. Note the 3 month decrease in right posterior insular/
superior temporal CMRGIu (yellow circle) in responders. Column 4 depicts a coronal
sections at Talairach slice y = 47. Note the decreased CMRGLu in the rostral anterior
cingulate (BA32, yellow circle) and dorsomedial and dorsolateral PFC (column 5; BA9; red
circle) in responders only at 3 months VNS. Column 5 depicts a coronal section at Talairach
slice y = 25. Note the decreased CMRGlIu in the dorsolateral PFC(BAY; yellow circle) at 3
months in VNS responders only. Column 6 depicts a transverse section at Talairach slice z=
—14. Note the increased CMRGlu in the left substantia nigra (VTA; yellow circle) at 12
months in the VNS responders; conversely, a decrease in CMRGlIu is observed in
nonresponders at 12 months in VNS nonresponders (red circle). All images in neurological
format (viewer right/left = subject right/left). Although changes in the responders-only
group did reach our established threshold, the small sample size (N = 4) of VNS
nonresponders prohibits making conclusive determinations. Abbreviations: COR = coronal;
SAG = sagittal; TRANS = transverse; RESP = VNS responder at 12 months; NonRESP =
VNS nonresponder at 12 months. Images are thresholded at t = 2.7 for pattern illustrative
purposes (t = 3.8 for statistical significance). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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(A) Scatterplot of the association between change in left ventral tegmental area (VTA)
CMRGlIu and change in HDRS score at 3 months VNS. (B) Scatterplot of the association
between change in left VTA CMRGIu and change in HDRS at 12 months VNS. (C) Depicts
the apparent reciprocal relationship between VNS response status and change in left VTA
CMRGlu over time. VTA CMRGIu increases over time in VNS responders and appears to
decrease with time in VNS nonresponders; however, limited sample size of VNS
nonresponders prohibits making a definitive conclusion.
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Figure5.

Differences in 12 month substantia nigra/\VTA and hypothalamic CMRGIu in VNS
responders vs. nonresponders. The top row depicts increased left-sided VTA CMRGIu in the
12 month VNS responders (left column; yellow circle) and decreased VTA CMRGlu in the
nonresponders (right column; yellow circle). The bottom row depicts the increased left-sided
hypothalamic CMRGIu in VNS responders (left column; yellow circle) and absence of
observable change in CMRGlIu in the VNS nonresponders (right column; yellow circle).
Images are thresholded at t = 2.7 for pattern illustrative purposes (t = 3.8 for statistical
significance). Abbreviations: SN = substantia nigra; VTA = ventral tegmental area;
Hypothal = hypothalamus. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Table 1

Participant demographic characteristics and depression history.

Total (N=13) Responders(n=9) Nonresponders(n=4) P-value

Age 46.1 (12.1) 47.1(10.5) 44.0 (16.8) 0.69
Female 77% (10) 67% (6) 100% (4) 0.50
Caucasian race 92% (12) 89% (8) 100% (4) 1.0

Age of depression onset 19.2 (11.3) 19.0 (10.2) 19.7 (15.1) 0.92
No. of depression episodes 2.8(2.9) 3.2(3.5) 1.7 (1.0) 0.43
Years of current episode 14.0 (13.7) 14.3 (14.9) 13.4(12.4) 0.91
Lifetime depression years 23.3(14.1) 26.7 (14.1) 15.8 (12.7) 0.21
No. of failed medication trials 7.1(2.5) 6.9 (2.0) 7.7 (3.9) 0.60
History of ECT (yes) 69% (9) 67% (6) 75% (3) 1.0

History of suicide attempt (yes) 23% (3) 11% (1) 50% (2) 0.20
No. of lifetime hospitalizations 2127 1.8 (1.5) 3.0(4.8) 0.65
No. of psychotropic medications 4.2 (1.7) 3.8(1.3) 52(2.2) 0.28
No. of antipsychotic medications 0.6 (0.6) 0.7 (0.7) 0.5 (0.6) 0.69
No. of benzodiazepine medications 0.9 (0.8) 0.8 (0.7) 1.2 (1.0) 0.32
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