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Abstract

Background: Deep Brain Stimulation (DBS) of the nucleus accumbens (NAc) has previously been investigated clinically for
the treatment of several psychiatric conditions, including obsessive-compulsive disorder and treatment resistant depression.
However, the mechanism underlying the therapeutic benefit of DBS, including the brain areas that are activated, remains
largely unknown. Here, we utilized 3.0 T functional Magnetic Resonance Imaging (fMRI) changes in Blood Oxygenation
Level-Dependent (BOLD) signal to test the hypothesis that NAc/internal capsule DBS results in global neural network
activation in a large animal (porcine) model

Methods: Animals (n=10) were implanted in the NAc/internal capsule with DBS electrodes and received stimulation (1, 3,
and 5 V, 130 Hz, and pulse widths of 100 and 500 psec). BOLD signal changes were evaluated using a gradient echo-echo
planar imaging (GRE-EPI) sequence in 3.0 T MRI. We used a normalized functional activation map for group analysis and
applied general linear modeling across subjects (FDR<<0.001). The anatomical location of the implanted DBS lead was
confirmed with a CT scan

Results: We observed stimulation-evoked activation in the ipsilateral prefrontal cortex, insula, cingulate and bilateral
parahippocampal region along with decrease in BOLD signal in the ipsilateral dorsal region of the thalamus. Furthermore, as
the stimulation voltage increased from 3 V to 5 V, the region of BOLD signal modulation increased in insula, thalamus, and
parahippocampal cortex and decreased in the cingulate and prefrontal cortex. We also demonstrated that right and left
NAc/internal capsule stimulation modulates identical areas ipsilateral to the side of the stimulation

Conclusions: Our results suggest that NAc/internal capsule DBS results in modulation of psychiatrically important brain
areas notably the prefrontal cortex, cingulate, and insular cortex, which may underlie the therapeutic effect of NAc DBS in
psychiatric disorders. Finally, our fMRI setup in the large animal may be a useful platform for translational studies
investigating the global neuromodulatory effects of DBS
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Introduction depressive disorder [10,11,12], and alcoholism [13]. This practice
1s also supported by preclinical models, in which NAc stimulation
reduces compulsive checking in quinpirole rat models of OCD
[14], decreases alcohol consumption in alcohol preferring [15,16]
and attenuates re-instatement in cocaine-seeking [17], and
morphine-preference in rats [18].

Despite this well documented preclinical and clinical efficacy,
the mechanism of action of NAc DBS remains largely unknown.
Recent reports suggest that DBS causes distal axonal network
activation [19,20,21]. Given the unique anatomical location of the
accumbens as the interface between limbic and motor circuitry

The discovery of chlopromazine in 1952 by the French Surgeon
and anesthesiologist Henri Laborit [1] sparked the new era of
psychopharmacology and set the stage for biological treatment of
various psychiatric illnesses. However, after half a century, the
efficacy of our current therapeutic agents remains suboptimal and
patient’s adherence to treatment is often hampered by consider-
able side effect profiles. As a result, deep brain stimulation (DBS)
of the nucleus accumbens (NAc) is emerging as an effective
treatment for reducing symptom severity in obsessive compulsive
disorder (OCD) [2,3,4,5], Tourette’s syndrome [6,7,8,9], major

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | 56640



[22,23], DBS could facilitate the function of the accumbens in
engaging the thalamocortical circuitry essential for translating
motivationally relevant information into actual adaptive behav-
ioral responses [23,24,25,26]. Several techniques have been used
in attempt to elucidate the effect of NAc DBS on neural activity.
For example, electrophysiological recordings have shown that
NAc DBS inhibits firing in orbitofrontal neurons in the normal rat
model [27]. Likewise, in imaging studies, such as those utilizing
18F-FDG/PET, NAc DBS has been shown to result in decreased
metabolism in the subgenual cingulate and in prefrontal regions in
patients with treatment resistant depression [28] and OCD
[29,30,31]. The present study utilizes functional magnetic
resonance imaging (fMRI), a technique which provides i vivo
real-time anatomic maps of blood oxygenation in the brain under
normal physiological conditions [32,33]. fMRI has become an
increasingly popular technique to study mechanisms of DBS
[34,35,36,37].

Although traditionally the definitive large animal model for
translational studies in neuroscience has been the nonhuman
primate, the porcine model was selected because the reduced
ethical and economic burden enables studies of larger cohorts of
animals [38]. Indeed, being similar in size and organization to the
brain of the non-human primate [39,40] the gyrencephalic swine
brain, in contrast with the brain of small animals, is more closely
representative of the human brain [39,40,41,42]. Specifically, the
mean= standard error of the mean (SEM) distance between the
anterior commissure and posterior commissure (AC-PC) length for
pigs in this study was 12.94*0.30 mm as compared to the
28.3%0.2 mm human AC-PC length that has been reported in the
literature. Notably, this porcine AC-PC length is very similar that
reported for rhesus monkeys (13.8=0.1 mm) and cynomologous
monkeys (12.320.1 mm) (Fiandaca et. al. 2011). In particular, the
NAc region of the pig is approximately 3.5x5.5x8.5 mm (Felix
etal. 1999) as compared to 14.5x7.0x19.4 mm described for
humans (Neto et.al. 2008). Furthermore, several other groups
describe the increasing prevalence of pig models in neuroscience
[38,43]. Sauleau and colleagues in particular, highlight the
usefulness of the pig as a model of brain imaging techniques,
including PET, MRI and fMRI, as well as neurosurgical
stereotaxic navigation [43]. Importantly, there is also a growing
body of research into the dopaminergic circuitry of pig striatum
and the implications of such studies of pig neurotransmission for
modeling aspects of human psychiatric disease [38]. Although
future studies are needed to further validate this promising large
animal model for neuroscientific applications, the ability to
perform fMRI in the porcine model enables more precise
localization of regions of change with DBS through use of a
high-resolution 3-D pig brain atlas [44] to normalize fMRI data
from individual pigs for group comparisons [37]. Using this model,
the aim of this study was to test the hypothesis that NAc/internal
capsule DBS delivered at clinically utilized stimulation parameters
in a large animal model affects global fMRI network activation.

Methods

Animals

Ten domestic male pigs (30+/—5 kg) were used in this study.
They were housed individually in a controlled environment with
humidity 45%, temperature 70°F, once daily feeding and access to
water ad libitum.

Ethics Statement

All study procedures were performed in accordance with the
National Institutes of Health Guidelines for Animal Research
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(Guide for the Care and Use of Laboratory Animals) and
approved by Mayo Clinic Institutional Animal Care and Use
Committee (Protocol A22710).

Preoperative Imaging

A Mayo Clinic-developed MRI-compatible stereotactic head
frame, previously described by our group, was used for DBS
electrode targeting [40] (Figure 1A). Preoperative anatomical
imaging consisted of a 3D MP-RAGE sequence with 1.5 mm slice
thickness, 24 cm field of view and matrix of 512x512, performed
on a 3.0 T MRI (General Electric Health Care, Signa HDx 16 xx
software with 23 mT/m gradient set, Waukasha, WI). A custom
developed 4-channel phased array receive only coil array was used
in this experiment. The coil array was small enough to fit inside
the head frame, just above the pig skull and below the localizer
box, a set-up that provides excellent signal-to-noise ratio (SNR).
DICOM image data were then transferred to a stereotactic
planning computer with Compass navigational software, modified
to accommodate the pig head frame coordinates (Figure 1B). MRI
data was then merged with the pig brain atlas using the anterior-
posterior commissural line as a reference [45] and stereotactic
coordinates for the DBS electrode implantation trajectory were
defined for the left unilateral (n=9) or bilateral (n=1) NAc/
internal capsule region.

DBS Electrode Implantation

Animals were administered anesthesia induction with Telazol
(5 mg/kg i.m.) and xylazine (2 mg/kg i.m.), followed by intubation
and isoflurane (1.5-3%) maintenance throughout the remainder of
the procedure. Vital signs (heart rate and temperature) were
continuously monitored and respirations were maintained at 12
breaths per minute throughout the procedure. Medtronic
3389 DBS electrode(s) were delivered through a 5-10 mm burr
hole using an Alpha-Omega computer-controlled Microdrive
attached to a Leksell stereotactic arc secured to the head frame
(Figure 1C). The electrode contacts were named from the most
distal contact as “0”, “17, “2” and most proximal as “3”. The
electrode was secured to the skull using an anchoring system
(Navigus cap, Medtronic). The electrode was positioned so that the
NAc was located between contacts 0 and 1. Targeting was
landmark-based and located immediately inferior and anterome-
dial to the anterior commissure. The mean*standard deviation
coordinates for contact 0 were: x=2.53%0.55 mm lateral from
the intercommisural (AC-PC) line; y=5.25%1.23 mm anterior
from the AC; z=4.94%0.68 mm inferior from the AC-PC. The
location of the electrode was then confirmed radiographically with
post-operative C'T' (Dual source Somatom Definition, Siemens
AG) fused with the preoperative MP-RAGE scan (Figure 1E-G).
The resulting MR-CT fusion was overlaid on the stereotaxic atlas
from Felix et.al. [45], and the location of the 0 contact was plotted
on this atlas (Figure 1H).

fMRI

Following implantation of the DBS electrode and CT confir-
mation, the animal was then returned to the 3.0 T MRI.
Extension wiring connected the DBS externalized lead to a
programmable pulse generator (A-M Systems Isolated pulse
stimulator Model 12100 or Mayo Investigational Neuromodula-
tion Control System (MINCS), an in-house developed wireless
stimulation system) located outside the scan room, allowing
activation of the DBS electrode during fMRI scanning
(Figure 1D). The impedance was checked immediately following
the surgery as well as following setup of the animal in the MRI to
ensure lead integrity and estimate charge density. This setup was
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A. MRI Compatible Head

B. MR Image Based Targeting

C. Leksell Stereotactic Surgery
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D. fMRI Setup

Figure 1. DBS surgery and Lead Confirmation. A) Custom designed MRI-compatible head frame. B) Screenshot of MR-image based targeting
procedure using modified COMPASS software. C) Surgical introduction of the Medtronic 3389 DBS electrode using the Lexsell stereotactic arc. D) fMRI
Experimental Setup. Extension wiring connected the externalized DBS lead with a pulse generator located outside the scan room. E) Representative
pre-surgical anatomical MP-RAGE scan. F) Post-surgical CT scan demonstrating electrode location in the left NAc G) MR-CT fusion with atlas overlay
[45]demonstrating the location of the electrode tip in the left NAc. H) Diagram plotting the location of the 0 contact in each animal (red asterisks), as
determined by the MR-CT fusion on a stereotaxic pig brain atlas, sagittal slice (lateral 2.00 mm from midline) [45].

doi:10.1371/journal.pone.0056640.g001

consistent across animals. The animals received stimulation at 1, 3
and 5 V, 130 Hz, and pulse widths of 100 and 500 psec using a
bipolar configuration, applied to the 0(—) and 1(+) contacts of the
3389 lead. During the fMRI scan the heart rate (~120 bpm) was
continuously monitored and no changes were detected with
stimulation. To eliminate any movement during the fMRI
experiment, the pigs were administered a 2 mg bolus of
pancuronium bromide or vecuronium bromide, and maintained
with 3 mg/hr throughout the remainder of the experiment. The
fMR imaging acquisitions were performed during both DBS “on”
and “off” conditions using two-dimensional gradient-echo echo-
planar imaging with the following imaging parameters: TR/TE:
3000/34.7, flip angle: 90, FOV: 15 cmx15 cm, matrix: 64 x64,
slice thickness 2.4 mm with no gap. For each acquisition, 250
volumes were acquired using a block paradigm with five 6 sec
periods of stimulation alternated with 120 sec rest periods
(Figure 2-3) or 130 volumes were acquired using a block
paradigm with five 6 sec periods of stimulation alternated with
60 sec rest periods (Figure 4). Both paradigms were designed to
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allow the BOLD signal to recover approximately to baseline after
each stimulation period.

Data Analysis and Statistics

Post-processing steps implemented in the Brain Voyager QX
software included three-dimensional motion correction and
temporal filtering (Gaussian filter; FWHM 3 data points). Data
was then normalized to a three-dimensional pig brain atlas [44]
and functional activation maps were generated by correlation of
the observed signal intensity changes in each voxel with the given
stimulus. Double-gamma hemodynamic response functions were
used to account for the hemodynamic delay. To correct for
multiple comparisons and exclude false positive voxels, we only
considered voxels with a significance level less than the False
Discovery Rate (FDR) q<<0.001 to represent sites of activation.
For group comparison, these data-sets were further analyzed with
a linear regression analysis (general linear model, multi subject
analysis, implemented in Brain Voyager QX software).
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Figure 2. NAc DBS elicits distal network BOLD changes. A-C) Areas of activation with left unilateral NAc stimulation at 5 V 130 Hz 500 us
(n=7), normalized to a 3D pig brain template [44] Significant activation q(FDR)<<0.001 was observed in the anterior and dorsolateral prefrontal (red),
insula (brown), parahippocampal (green) and cingulate cortex (blue). Decrease in BOLD signal was observed in the dorsal region of the thalamus
(tan). Slice locations are presented in distance (mm) from the posterior commissure. D) Event-related analysis of the average time course for each
region of interest was plotted as average percent change in BOLD signal from baseline vs. time (one scan is equal to TR =3 seconds) using ten frames
(30 seconds) prior to stimulation onset as the baseline. Duration of stimulation is marked by the vertical purple lines. In all regions of interest, there is

a clear peak in percent change associated with stimulation.
doi:10.1371/journal.pone.0056640.g002

Results

Validation of Experimental Paradigm

In order to confirm that the experimental setup did not produce
artifacts in BOLD signal responses, we assessed a series of control
conditions. At subthreshold stimulation parameters (1 V 130 Hz
500 ps), there is no pattern of BOLD signal response to stimulation
(Figure 3B). Additionally, we conducted experiments in which we
performed DBS electrode implantation into the NAc followed by a
sham stimulation fMRI sequence conducted with a nearly identical
setup to the experimental conditions, with wires extended from the
scan room but not connected to the stimulator outside the scan room
during the scanning sequence. There was no BOLD signal response
to sham stimulation (data not shown). Together, these results suggest
that there was minimal interaction between the RF or gradient pulses
and the DBS cabling producing BOLD signal artifacts.
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DBS Surgery and Lead Confirmation

Ten male pigs underwent 3.0 T MR guided placement of a
Medtronic 3389 DBS electrode into the NAc through the internal
capsule, using the Leksell Stereotactic Arc and Mayo-developed
MRI compatible head frame for the pig, as shown in (Figure 1A).
Post-surgical C'T scans were obtained (Figure 1F). Pre-operative
MR and postoperative CT image fusion demonstrated accurate
placement of the 0,1 contacts on the DBS electrode into the NAc
area, although there is variability in the region of NAc being
stimulated between pigs, as seen in Figure 1G-H.

NAc DBS Elicits Distal Network BOLD Changes

To determine the global neural network activation with NAc/
internal capsule DBS, stimulation was first applied to the left NAc/
internal capsule, and multi-subject general linear model was
performed to determine the areas of increase in fMRI BOLD
signal in seven pigs. With application of 5 V, 130 Hz, 500 s pulse
width stimulation to the 0,1 contacts, areas of BOLD signal
increase included anterior prefrontal, insula, dorsal anterior
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Figure 3. Voltage Dependency of fMRI BOLD signal. A) Comparison of data from left unilateral NAc stimulation at 3 V 130 Hz 500 us (i; n=7)
with stimulation at 5 V 130 Hz 500 s (ii; n=7). Both voltages showed regions of activation in the prefrontal cortex and insula as well as an area of
deactivation in the dorsal region of the thalamus. B) i. Region of interest cluster sizes (mm®) comparing the percent size of areas of activation with 3 V
130 Hz 500 ps (yellow; n=7) and 5 V 130 Hz 500 us (red; n=7), represented by the relative size of the two circles. ii. Event-related time course of
percent change in BOLD signal from baseline with 1 V (blue; n=5), 3 V (yellow; n=7), and 5 V at 130 Hz (red; n=7), 500 us pulse width. C) Unilateral
stimulation to the left (left) right (middle) and bilateral (right) NAc (n=1). Stimulation of the right NAc activated areas corresponding to those of left

NAc stimulation, including prefrontal cortex and insula, ipsilateral to the side of stimulation.

doi:10.1371/journal.pone.0056640.g003

cingulate, and parahippocampal cortex (Figure 2A-C). Interest-
ingly, a decrease in BOLD signal in the dorsal region of the
thalamus was also observed (region seen in blue in Figure 2A-B).

Time Course of fMRI BOLD Signal Change

To study the time course of fMRI BOLD signal change in
relation to DBS block design, the percent change over five
stimulation trials was averaged together within each of the five
regions of interest, including parahippocampal cortex, insula,
prefrontal cortex, cingulate, and thalamus. As seen in figure 2D,
event-related analysis of the average time course for each region of
interest was plotted as percent change in BOLD signal vs. time
(one scan is equal to TR =3 seconds) using ten frames prior to
stimulation onset as the baseline. The parahippocampal cortex,
insula, prefrontal cortex, and cingulate showed stimulation time-
locked increase in fMRI BOLD signal, peaking around 5 scans (i.e.
15 seconds) after stimulation onset, whereas the thalamus showed
stimulation time-locked decrease in fMRI BOLD signal, peaking
around 3 scans (L.e. 9 seconds) after stimulation onset. In all
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regions of interest, there was a clear peak in percent change
associated with stimulation.

Significant Clusters in the General Linear Model

To quantitate precisely the cluster size and primary peak
location with each of the five functionally-defined regions of
interest, we performed a general linear model comparing
stimulation “on” periods to baseline (Table 1). The largest cluster
size (5513 mm?) and the most significant voxel (t=14.03) was
detected in the ipsilateral insula, while the smallest cluster size
(33 mm®) and lowest maximum t-score (t=6.73) was observed in
the ipsilateral cingulate. Consistent with the decrease in BOLD
signal seen in Figure 2, the thalamus showed negative maximum t-

score (t=—7.77).

Voltage-dependency of fMRI BOLD Signal

Because in humans there is parameter dependence of DBS
effect [46], we varied the stimulation voltage (while holding
constant the frequency at 130 Hz and pulse width at 500 ps) to
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Table 1. Significant Clusters in the General Linear Model comparing Stimulation “on” periods to baseline.

Cluster Size

Primary Peak Location (mm from

Maximum t-score (within Average p-value (within

Locations (mm xmm xmm) posterior commissure) region of interest) region of interest)
Prefrontal Cortex (I) 1928 AP 57.25, ML 9.90, DV —6.60 12.57 <0.0001
Insula (1) 5513 AP 20.00, ML 18.60, DV 4.00 14.03 <0.0001
Parahippocampal (1) 573 AP 8.25, ML 18.90, DV —1.50 10.16 <0.0001
Cingulate (1) 33 AP 28.00, ML 2.75, DV 13.80 6.73 <0.0001
Thalamus (1) 198 AP 14.75, ML 2.80, DV 5.80 =7.77 <0.0001

| =Ipsilateral, AP = Anterior/Posterior, ML = Medial/Lateral; DV = Dorsal/Ventral.
Stimulation Parameters=5 V 130 Hz 500 ps.
doi:10.1371/journal.pone.0056640.t001

assess the voltage dependency of fMRI BOLD signal in our animal
model. As seen in Figure 3, the fMRI BOLD response was
measured with stimulations of 1 V (n=5), 3V (n=7), and 5V
m=7). In the multi-subject general linear model assessing
activation, there was no significant activation at 1 V (data not
shown), but there was significant overlap between the regions
activated at 3 V as compared to 5 V (Figure 3A). In Figure 3Bi
region of interest cluster sizes (mm®) comparing the percent size of
areas of activation with 3 V (yellow) and 5 V (red) are represented
by the relative size of the two circles. Importantly, with increasing
voltage, the volume of area modulated increased in the insular
cortex, thalamus, and parahippocampal cortex (Figure 3Bi). In
contrast, from 3 V to 5 V, the area of prefrontal cortex activation
decreased from 2267 to 1928 mm®, respectively. Similarly, the
area of cingulate activation decreased from 95 to 33 mm?,
(Figure 3B), reflecting a more prominent deactivation in the
prefrontal cortex and cingulate in n =2 pigs at this higher voltage
(data not shown). The event-related time course of percent change
in BOLD signal from baseline (Figure 3Bii) showed no pattern of
BOLD signal modulation at 1 V (blue). Interestingly, there was a
similar pattern of time-locked BOLD signal modulation at 3 V
(vellow) and 5 V (red).

Laterality of Stimulation

Next, to test the idea that the laterality of the stimulation is
important [47], we explored the fMRI activation associated with
stimulation of the unilateral left, right, or bilateral NAc/internal
capsule in one pig. Right-sided unilateral stimulation activated
structures symmetric to left-sided stimulation, including the
prefrontal cortex and insula on the side ipsilateral to stimulation
(Figure 3C). Notably, the area of activation in regions of interest
was the same for bilateral stimulation.

Pulse width Dependency of fMRI BOLD Signal

Finally, to determine the effect of stimulation at more clinically
relevant parameters we performed in a separate cohort of three
animals a comparison of the 500 ps pulse width such as that
applied in the major comparisons of the present study with a lower
pulse width (100 ps) within the range those applied in clinical
situation [48]. Voltage and frequency were held constant at 5 V
and 130 Hz. The regions of activation were similar for both pulse
widths and included the prefrontal cortex, insula, dorsal anterior
cingulate, and caudate (Figure 4A). However, significant activation
was observed in the parahippocampal cortex with the 500 ps pulse
width while none was present with the 100 ps pulse width
(Figure 4A). The volume of area activated within the insula was
significantly larger at 500 us as compared to 100 ps, with the
region activated at 100 us being only 18% of that activated at
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500 ps (Figure 4Bi). The caudate region showed slightly greater
area of activation with 100 ps. In contrast, the areas of activation
in the prefrontal cortex and cingulate were roughly equivalent at
100 us and 500 ps (Figure 4Bi). The patterns of BOLD signal
percent change were largely similar for both pulse widths in the
prefrontal cortex, insula, and cingulate (Figure 4Bii). The caudate,
however, showed a different pattern, with a larger initial decrease
in BOLD signal followed by a larger increase in BOLD signal
percent change, as compared to 500 ps (Figure 4Bii). Finally, in
accordance with the lack of activation observed in the para-
hippocampal cortex at 100 ps, there was no pattern of stimulation
time-locked increase in BOLD signal at this pulse width
(Figure 4Bii).

Discussion

In accordance with our hypothesis, we found significant NAc
DBS-evoked fIMRI BOLD activation in an interconnected neural
network, including anterior prefrontal cortex, insular cortex,
dorsal anterior cingulate, and parahippocampal cortex. This
activation was accompanied by deactivation in the dorsal region of
the thalamus. Our results are consistent with studies of internal
capsule/ventral striatum DBS using both18F-fluorodeoxyglucose
(18F-FDG)/PET and ""OH,O/PET in humans, which demon-
strated activation in the frontal cortex, anterior cingulate cortex,
striatum, globus pallidus, and thalamus [28,49]. Additionally, in a
single case study of anterior internal capsule stimulation, fMRI
activation was observed in the ipsilateral head of the caudate,
medial thalamus, and anterior cingulate and the contralateral
cerebellum [28]. Finally, electrophysiological studies in normal
animal models have revealed antidromic inhibition of prefrontal
cortical neurons and alteration in local field potentials secondary
to NAc DBS [27], consistent with our finding of modulation of
structures such as prefrontal cortex. Taken together, the results of
the current study are consistent with that previously described, in
that NAc DBS results in network changes that involve cortical and
subcortical areas previously shown to be important in neuropsy-
chiatric disorders. Notably, while activation in subcortical regions
near the electrode has been demonstrated in previous studies
[28,49], no such changes were observed in the present study. We
hypothesize that this could be due to susceptibility artifact from the
DBS leads. Importantly, our study is unique in that it has revealed
areas of fMRI BOLD signal change with high frequency
stimulation of the NAc/internal capsule across multiple subjects
and has presented a novel pig model for studying the mechanisms
of DBS in psychiatric disorders.

Although consistent with previous studies, our {MRI-NAc DBS
model in the large animal has two major novel advancements, one
being the custom MR radiofrequency (RF) receive coil, which has
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Figure 4. Pulse Width dependency of fMRI BOLD signal. A) Comparison of data from left unilateral NAc stimulation at 5 V 130 Hz 500 us (i;
n = 3) with stimulation at 3 V 130 Hz 100 us (ii; n=3). Both pulse widths showed regions of activation in the prefrontal cortex, insula, dorsal anterior
cingulate, caudate. There was an additional area of activation in parahippocampal cortex present only with stimulation at 5 V 130 Hz 500 ps. B) i.
Region of interest cluster sizes (mm?>) comparing the percent size of areas of activation with 5 V 130 Hz 100 ps (yellow; n=3) and 5 V 130 Hz 500 ps
(red; n=3), represented by the relative size of the two circles. ii. Event-related time course of percent change in BOLD signal from baseline with
100 ups (yellow; n=3) and 500 us (red; n=3) pulse widths at 5 V and 130 Hz.

doi:10.1371/journal.pone.0056640.9004

improved the signal-to-noise ratio (SNR) and thus played a
significant role in allowing small signal changes to be measured
(~2.5X increase in SNR compared to regular transmit/receive
birdcage coil; data not included). Second, we took a novel
approach using a high-resolution 3-dimensional pig brain atlas
[44], which allowed us to normalize the functional activation map
and to apply general linear modeling in each subject group [37].
This method has the advantage of permitting regression analysis
for every voxel across subjects, resulting in a high statistical power.

Importantly, our findings are in line with the anatomical
connections of the NAc. NAc receives afferent projections from
cingulate cortex, medial orbitofrontal cortex, and the granular
insular cortex and sends efferent output to the dorsal substantia
nigra, ventral tegmental area, and ventral pallidum [25]. The
prelimbic areas of medial prefrontal cortex also project to the NAc
[50]. These network connections may contribute to the explana-
tion for the modulation of structures distal from the NAc/internal
capsule region where the stimulation was applied.

PLOS ONE | www.plosone.org

Stimulation Parameters and Optimization of Electrode
Placement

In humans, the therapeutic effect of DBS depends on the
stimulation parameters [46]. Likewise, in the pig model we
observed the degree of activation to be voltage dependent,
whereby increasing voltage from 1V to higher voltages (3 V
and 5 V) resulted in increased the volume of BOLD signal
modulation in all animals. Likewise, variation in pulse width led to
similar patterns of regions activated, but differences in the volume
of BOLD signal modulation within some of these areas.
Importantly, the voltage comparison and the pulse width
comparison, which were performed in separate cohorts of animals,
show a great deal of similarity in the pattern of regions activated,
reflecting the repeatability of the results. Notably, however, there
was a difference between the two cohorts in that the first group of
animals (voltage comparison group; n=7) demonstrated BOLD
signal decrease in the thalamus whereas the second group of
animals (pulse width comparison group; n=3) demonstrated
instead BOLD signal increase in the caudate nucleus, likely due to
differences in the area of stimulation between the two groups.
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Intriguingly, we observed both activation and deactivation of
the thalamus and prefrontal with NAc/internal capsule DBS,
dependent on both the individual pig and the stimulation
parameters. This variation is likely due to differences in the
targeting between experiments and highlights the importance of
monitoring the functional sequelae of DBS to ensure proper
electrode location. There is much debate surrounding the meaning
of a decrease in BOLD signal. One hypothesis states that fMRI
deactivation results from suppression of neuronal activity in the
area of decreased signal [51]. However, the decrease in signal
could alternatively be due to a vascular steal effect whereby areas
of high activity divert blood flow away from the region in which
the deactivation is observed [51] or due to a large increase in the
metabolic needs of the tissue that exceeds the circulatory
compensation [52]. As yet, we do not know whether a decrease
in BOLD signal portends a different clinical outcome than an
increase in BOLD signal but this will be an interesting avenue to
investigate in follow-up clinical studies.

Finally, we investigated the issue of electrode placement with
regard to the side in which the electrode is implanted. Although in
human OCD patients there is some suggestion that the laterality of
a neurosurgical intervention is a significant factor, with right-sided
lesions being more effective than left-sided lesions [47], we
observed similar activation patterns on either side, ipsilateral to
the site of stimulation. This may be due to species differences
between the human and the pig brain, with the human brain being
more highly lateralized. Alternatively, it is possible that there are
differences on a functional level that cannot be resolved by fMRI.

Clinical Implications for Psychiatric Disorders

Importantly, this study demonstrates the effectiveness of NAc/
internal capsule DBS in modulation of several highly clinically
relevant brain regions. First, the insula is a fascinating brain area,
whichhasbeenimplicated in the processing ofa wide variety of stimuli
[53,54]. The insula, buried in the lateral sulcus and covered by the
operculum, is interconnected with both the prefrontal cortex and the
cingulate gyrus [55], both of which showed concurrent activity in the
present study. Furthermore, insula has a role in the pathophysiology
of several psychiatric diseases. For example, hypoactivation in the
insula is one fairly consistent alteration in activity present in major
depressive disorder [56], and hyperactivation of the insula has been
demonstrated during symptom provocation in OCD [57]. There-
fore, the hypothesis that NAc/internal capsule DBS modulation of
activity in insula contributes to the therapeutic effect of DBS for
psychiatric disorders is intriguing and requires further study.

We also observed significant activation in prefrontal regions that
was consistent across animals. This is consistent with what is known
about the neuroanatomy of projections to the nucleus acumbens,
namely that prelimbic areas of medial prefrontal cortex project to the
NAc [50]. Additionally, these findings are clinically interesting, as
Major Depressive Disorder is typically characterized by a decrease in
activity in the prefrontal cortex [58] whereas OCD patients typically
exhibit hyperactivity in prefrontal cortex at rest [59], and both these
types of patients have been shown to benefit from NAc DBS.
Furthermore, correction of prefrontal cortex activity to normal is
correlated with symptom improvement in depression and OCD
[60,61]. Although the results in the present study represent for the
most part an increase in activity in the prefrontal cortex, the results
were obtained inanormal animal model andinan acute situation. Itis
conceivable that prefrontal cortex is differentially modulated in
different pathological states, and that NAc/internal capsule stimu-
lation potentially corrects this pathologic activity.

Likewise, the cingulate cortex is implicated in a range of
disorders, many of which are responsive to NAc/internal capsule
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DBS. In Tourette’s syndrome, tic generation is associated with
BOLD signal activation in the anterior cingulate [62]. Similarly,
increases in cerebral regional blood flow have been detected with
symptom provocation in OCD [63]. Finally, the level of metabolic
activity in the anterior cingulate cortex can predict drug treatment
response in major depressive disorder [64]. Therefore, modulation
of any of these areas has the potential to significantly alter
cognitive functioning; the combination of activation of multiple
areas key to psychiatric illness makes the NAc an important target
for investigation in the treatment of these disorders.

Limitations and Future Directions

Although these results were obtained in a non-disease state
animal model, we believe because of the similarity between the
human and the pig brain among the deep brain structures as well
as the similarity to the human surgical procedure, that these results
are likely reflective of the effect of NAc/internal capsule DBS on
the human circuitry. However, we acknowledge that although the
deep structures of pig brain are closer in size to the human than is
the rodent brain, there are still differences in the size of the NAc.
Therefore, we utilized a human Medtronic 3389 stimulating
electrode which has more closely spaced contacts (0.5 mm gap
size) than the Medtronic 3387 (1.5 mm gap size) typically used in
human DBS procedures in North America and stimulated only the
0,1 contacts [37]. Despite these precautions, it is possible that
stimulation covered areas surrounding the NAc as well and we
plan to use miniaturized DBS leads in the future [65].

Furthermore, our use of the pig animal model necessarily
precluded imaging in the awake state. It is possible the awake state
will have differential activation from the anesthetized state shown
here. However, previous animal studies utilizing isoflurane
anesthesia have shown significant BOLD signal responses to
electrical stimulation and other stimuli [37,66,67,68,69].

Additionally, the present study was performed with acute
stimulation delivered in a block paradigm. With this design, we
were able to determine the BOLD response to variation in
stimulation parameters and to trace stimulation-evoked neural
network activation. However, it is possible that with chronic
stimulation, such as is used in clinical situations, there will be
differential modulation of activity.

Conclusions

Overall, our results suggest that NAc/internal capsule DBS
results in modulation of psychiatrically important brain areas
notably the prefrontal cortex, cingulate and insula cortex, which
may underlie the therapeutic effect of NAc DBS in psychiatric
disorders. The results also suggest that the swine model for DBS
fMRI, which conforms to human implanted DBS electrode
configurations and human neuroanatomy, may be a useful
platform for translational studies investigating the global neuro-
modulatory effects of DBS.

Acknowledgments

A preliminary version of this paper was presented at the American Society
for Stereotactic and Functional Neurosurgery (ASSFN) 2012 Meeting.

Author Contributions

Conceived and designed the experiments: EJK HKM OAA MAF KHL.
Performed the experiments: EJK HKM SCH MPM IK. Analyzed the
data: EJK HKM SBP. Contributed reagents/materials/analysis tools: JPF
KEB. Wrote the paper: EJK HKM SBP OAA MAF KHL.

February 2013 | Volume 8 | Issue 2 | 56640



References

1.

Caldwell AE (1967) The history of psychopharmacology; its relation to
anesthesiology. Diseases of the nervous system 28: 816-820.

. Greenberg BD, Suzanne SLR, Haber SN (2010) Invasive Circuitry-Based

Neurotherapeutics: Stereotactic Ablation and Deep Brain Stimulation for OCD.
Neuropsychopharmacology 35: 317-336.

. Denys D, Mantione M, Figee M, van den Munckhof P, Koerselman F, et al.

(2010) Deep Brain Stimulation of the Nucleus Accumbens for Treatment-
Refractory Obsessive-Compulsive Disorder. Archives of General Psychiatry 67:
1061-1068.

. Franzini A, Messina G, Gambini O, Muffatti R, Scarone S, et al. (2010) Deep-

brain stimulation of the nucleus accumbens in obsessive compulsive disorder:
clinical, surgical and electrophysiological considerations in two consecutive
patients. Neurological Sciences 31: 353-359.

. Huff W, Lenartz D, Schormann M, Lee SH, Kuhn J, et al. (2010) Unilateral

deep brain stimulation of the nucleus accumbens in patients with treatment-
resistant obsessive-compulsive disorder: Outcomes after one year. Clinical
neurology and neurosurgery 112: 137-143.

. Kuhn J, Lenartz D, Mai JK, Huff W, Lee SH, et al. (2007) Deep brain

stimulation of the nucleus accumbens and the internal capsule in therapeutically
refractory Tourette-syndrome. Journal of neurology 254: 963-965.

. Neuner I, Podoll K, Lenartz D, Sturm V, Schneider F (2009) Deep brain

stimulation in the nucleus accumbens for intractable Tourette’s syndrome:
follow-up report of 36 months. Biological psychiatry 65: e5-6.

. Zabek M, Sobstyl M, Koziara H, Dzierzecki S (2008) Deep brain stimulation of

the right nucleus accumbens in a patient with Tourette syndrome. Case report.
Neurologia i neurochirurgia polska 42: 554-559.

Servello D, Sassi M, Brambilla A, Defendi S, Porta M (2010) Long-term, post-
deep brain stimulation management of a series of 36 patients affected with
refractory gilles de la tourette syndrome. Neuromodulation: journal of the
International Neuromodulation Society 13: 187-194.

Schlaepfer TE, Cohen MX, Frick C, Kosel M, Brodesser D, et al. (2008) Deep
brain stimulation to reward circuitry alleviates anhedonia in refractory major

depression. Neuropsychopharmacology 33: 368-377.

. Malone DA, Jr., Dougherty DD, Rezai AR, Carpenter LL, Frichs GM, et al.

(2009) Deep brain stimulation of the ventral capsule/ventral striatum for
treatment-resistant depression. Biological psychiatry 65: 267-275.

. Grubert C, Hurlemann R, Bewernick BH, Kayser S, Hadrysiewicz B, et al.

(2011) Neuropsychological safety of nucleus accumbens deep brain stimulation
for major depression: Effects of 12-month stimulation. World Journal of
Biological Psychiatry 12: 516-527.

. Kuhn J, Lenartz D, Huff W, Lee SH, Koulousakis A, et al. (2009) Remission of

alcohol dependency following deep brain stimulation of the nucleus accumbens:
valuable therapeutic implications? BMJ case reports 2009.

. Mundt A, Klein J, Joel D, Heinz A, Djodari-Irani A, et al. (2009) High-

frequency stimulation of the nucleus accumbens core and shell reduces
quinpirole-induced compulsive checking in rats. The European journal of
neuroscience 29: 2401-2412.

. Knapp CM, Tozier L, Pak A, Ciraulo DA, Kornetsky C (2009) Deep brain

stimulation of the nucleus accumbens reduces ethanol consumption in rats.
Pharmacology, biochemistry, and behavior 92: 474-479.

. Henderson MB, Green Al, Bradford PS, Chau DT, Roberts DW, et al. (2010)

Deep brain stimulation of the nucleus accumbens reduces alcohol intake in
alcohol-preferring rats. Neurosurgical focus 29: E12.

. Vassoler FM, Schmidt HD, Gerard ME, Famous KR, Ciraulo DA, et al. (2008)

Deep brain stimulation of the nucleus accumbens shell attenuates cocaine
priming-induced reinstatement of drug seeking in rats. The Journal of
neuroscience: the official journal of the Society for Neuroscience 28: 8735-8739.

. Liu HY, Jin J, Tang JS, Sun WX, Jia H, et al. (2008) Chronic deep brain

stimulation in the rat nucleus accumbens and its effect on morphine
reinforcement. Addiction biology 13: 40-46.

. McIntyre CC, Grill WM, Sherman DL, Thakor NV (2004) Cellular effects of

deep brain stimulation: model-based analysis of activation and inhibition.
Journal of neurophysiology 91: 1457-1469.

. Mclntyre CC, Savasta M, Kerkerian-Le Goff L, Vitek JL (2004) Uncovering the

mechanism(s) of action of deep brain stimulation: activation, inhibition, or both.
Clinical neurophysiology: official journal of the International Federation of
Clinical Neurophysiology 115: 1239-1248.

. Johnson MD, Miocinovic S, McIntyre CC, Vitek JL (2008) Mechanisms and

targets of deep brain stimulation in movement disorders. Neurotherapeutics 5:

294-308.

. Heimer L (2003) A new anatomical framework for neuropsychiatric disorders

and drug abuse. The American journal of psychiatry 160: 1726-1739.

. Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action: functional

interface between the limbic system and the motor system. Progress in
neurobiology 14: 69-97.

. Kalivas PW (2009) The glutamate homeostasis hypothesis of addiction. Nature

reviews Neuroscience 10: 561-572.

. Kopell BH, Greenberg BD (2008) Anatomy and physiology of the basal ganglia:

implications for DBS in psychiatry. Neuroscience and biobehavioral reviews 32:

408-422.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Nucleus Accumbens Deep Brain Stimulation and fMRI

Greenberg BD, Gabriels LA, Malone DA, Jr., Rezai AR, Frichs GM, et al.
(2010) Deep brain stimulation of the ventral internal capsule/ventral striatum for
obsessive-compulsive disorder: worldwide experience. Molecular psychiatry 15:
64-79.

McCracken CB, Grace AA (2009) Nucleus accumbens deep brain stimulation
produces region-specific alterations in local field potential oscillations and
evoked responses in vivo. The Journal of neuroscience: the official journal of the
Society for Neuroscience 29: 5354-5363.

Bewernick BH, Hurlemann R, Matusch A, Kayser S, Grubert C, et al. (2010)
Nucleus accumbens deep brain stimulation decreases ratings of depression and
anxiety in treatment-resistant depression. Biological psychiatry 67: 110-116.
Abelson JL, Curtis GC, Sagher O, Albucher RC, Harrigan M, et al. (2005) Deep
brain stimulation for refractory obsessive-compulsive disorder. Biological
psychiatry 57: 510-516.

Nuttin BJ, Gabriels LA, Cosyns PR, Meyerson BA, Andreewitch S, et al. (2003)
Long-term electrical capsular stimulation in patients with obsessive-compulsive
disorder. Neurosurgery 52: 1263-1272; discussion 1272-1264.

Van Lacre K, Nuttin B, Gabriels L, Dupont P, Rasmussen S, et al. (2006)
Metabolic imaging of anterior capsular stimulation in refractory obsessive-
compulsive disorder: A key role for the subgenual anterior cingulate and ventral
striatum. Journal of Nuclear Medicine 47: 740-747.

Babiloni C, Pizzella V, Del Gratta C, Ferretti A, Romani GL (2009)
Fundamentals of Electroencefalography, Magnetoencefalography, and Func-
tional Magnetic Resonance Imaging. Brain Machine Interfaces for Space
Applications: Enhancing Astronaut Capabilities 86: 67-80.

van Eijsden P, Hyder F, Rothman DL, Shulman RG (2009) Neurophysiology of
functional imaging. NeuroImage 45: 1047-1054.

Carmichael DW, Pinto S, Limousin-Dowsey P, Thobois S, Allen PJ, et al. (2007)
Functional MRI with active, fully implanted, deep brain stimulation systems:
safety and experimental confounds. Neurolmage 37: 508-517.

Georgi JC, Stippich C, Tronnier VM, Heiland S (2004) Active deep brain
stimulation during MRI: a feasibility study. Magnetic resonance in medicine:
official journal of the Society of Magnetic Resonance in Medicine/Society of
Magnetic Resonance in Medicine 51: 380-388.

Jech R, Urgosik D, Tintera J, Nebuzelsky A, Krasensky J, et al. (2001)
Functional magnetic resonance imaging during deep brain stimulation: a pilot
study in four patients with Parkinson’s disease. Movement disorders: official
journal of the Movement Disorder Society 16: 1126-1132.

Min HH, SC; Marsh, MP; Kim, I Knight, EJ; Striemer, B; Felmlee, JP; Welker,
KM; Blaha, CD; Chang, SY; Bennet, KE; Lee, KH (2012) Deep Brain
Stimulation Induces BOLD Activation in Motor and Non-Motor Networks: an
fMRI Comparison Study of STN and EN/GPi DBS in Large Animals.
Neurolmage: In press.

Lind NM, Moustgaard A, Jelsing J, Vajta G, Cumming P, et al. (2007) The use
of pigs in neuroscience: modeling brain disorders. Neuroscience and biobehav-
ioral reviews 31: 728-751.

Hardman CD, Henderson JM, Finkelstein DI, Horne MK, Paxinos G, et al.
(2002) Comparison of the basal ganglia in rats, marmosets, macaques, baboons,
and humans: volume and neuronal number for the output, internal relay, and
striatal modulating nuclei. The Journal of comparative neurology 445: 238-255.
Shon YM, Lee KH, Goerss SJ, Kim IY, Kimble C, et al. (2010) High frequency
stimulation of the subthalamic nucleus evokes striatal dopamine release in a large
animal model of human DBS neurosurgery. Neuroscience letters 475: 136-140.
Van Gompel JJ, Bower MR, Worrell GA, Stead M, Meier TR, et al. (2011)
Swine model for translational research of invasive intracranial monitoring.
Epilepsia 52: ¢49-53.

Wakeman DR, Crain AM, Snyder EY (2006) Large animal models are critical
for rationally advancing regenerative therapies. Regenerative medicine 1: 405
413.

Sauleau P, Lapouble E, Val-Laillet D, Malbert CH (2009) The pig model in
brain imaging and neurosurgery. Animal 3: 1138-1151.

Saikali S, Meurice P, Sauleau P, Eliat PA, Bellaud P, et al. (2010) A three-
dimensional digital segmented and deformable brain atlas of the domestic pig.
Journal of neuroscience methods 192: 102-109.

5. Felix B, Leger ME, Albe-Fessard D, Marcilloux JC, Rampin O, et al. (1999)

Stereotaxic atlas of the pig brain. Brain research bulletin 49: 1-137.

Moro E, Esselink RJ, Xie J, Hommel M, Benabid AL, et al. (2002) The impact
on Parkinson’s disease of electrical parameter settings in STN stimulation.
Neurology 59: 706-713.

Lippitz BE, Mindus P, Meyerson BA, Kihlstrom L, Lindquist C (1999) Lesion
topography and outcome after thermocapsulotomy or gamma knife capsulotomy
for obsessive-compulsive disorder: Relevance of the right hemisphere. Neuro-
surgery 44: 452-458.

Lujan JL, Chaturvedi A, Malone DA, Rezai AR, Machado AG, et al. (2011)
Axonal pathways linked to therapeutic and nontherapeutic outcomes during
psychiatric deep brain stimulation. Human brain mapping.

Rauch SL, Dougherty DD, Malone D, Rezai A, Frichs G, et al. (2006) A
functional neuroimaging investigation of deep brain stimulation in patients with
obsessive-compulsive disorder. Journal of Neurosurgery 104: 558-565.

Sesack SR, Grace AA (2010) Cortico-Basal Ganglia Reward Network:
Microcircuitry. Neuropsychopharmacology 35: 27-47.

February 2013 | Volume 8 | Issue 2 | 56640



51.

52.

53.

54.

56.

57.

58.

59.

60.

Shmuel A, Yacoub E, Pfeuffer J, Van de Moortele PF, Adriany G, et al. (2002)
Sustained negative BOLD, blood flow and oxygen consumption response and its
coupling to the positive response in the human brain. Neuron 36: 1195-1210.
Schridde U, Khubchandani M, Motelow JE, Sanganahalli BG, Hyder F, et al.
(2008) Negative BOLD with large increases in neuronal activity. Cerebral cortex
18: 1814-1827.

Craig AD (2009) How do you feel-now? The anterior insula and human
awareness. Nature reviews Neuroscience 10: 59-70.

Craig AD (2011) Interoceptive cortex in the posterior insula: comment on
Garcia-Larrea et al. 2010 Brain 133, 2528. Brain: a journal of neurology 134:
¢166; author reply e165.

. Augustine JR (1996) Circuitry and functional aspects of the insular lobe in

primates including humans. Brain research Brain research reviews 22: 229-244.
Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ (2008) A meta-analytic study of
changes in brain activation in depression. Human brain mapping 29: 683-695.
Breiter HC, Rauch SL, Kwong KK, Baker JR, Weisskoff RM, et al. (1996)
Functional magnetic resonance imaging of symptom provocation in obsessive-
compulsive disorder. Archives of General Psychiatry 53: 595-606.

Brooks JO, 3rd, Rosen AC, Hoblyn JC, Woodard SA, Krasnykh O, et al. (2009)
Resting prefrontal hypometabolism and paralimbic hypermetabolism related to
verbal recall deficits in euthymic older adults with bipolar disorder. The
American journal of geriatric psychiatry: official journal of the American
Association for Geriatric Psychiatry 17: 1022-1029.

Baxter LR, Jr., Phelps ME, Mazziotta JC, Guze BH, Schwartz JM, et al. (1987)
Local cerebral glucose metabolic rates in obsessive-compulsive disorder. A
comparison with rates in unipolar depression and in normal controls. Archives of
General Psychiatry 44: 211-218.

Benkelfat C, Nordahl TE, Semple WE, King AC, Murphy DL, et al. (1990)
Local cerebral glucose metabolic rates in obsessive-compulsive disorder. Patients
treated with clomipramine. Archives of General Psychiatry 47: 840-848.

PLOS ONE | www.plosone.org

10

61.

62.

63.

64.

66.

67.

68.

69.

Nucleus Accumbens Deep Brain Stimulation and fMRI

Teneback CC, Nahas Z, Speer AM, Molloy M, Stallings LE, et al. (1999)
Changes in prefrontal cortex and paralimbic activity in depression following two
weeks of daily left prefrontal TMS. The Journal of neuropsychiatry and clinical
neurosciences 11: 426-435.

Bohlhalter S, Goldfine A, Matteson S, Garraux G, Hanakawa T, et al. (2006)
Neural correlates of tic generation in Tourette syndrome: an event-related
functional MRI study. Brain: a journal of neurology 129: 2029-2037.

Rauch SL, Jenike MA, Alpert NM, Baer L, Breiter HC, et al. (1994) Regional
cerebral blood flow measured during symptom provocation in obsessive-
compulsive disorder using oxygen 15-labeled carbon dioxide and positron
emission tomography. Archives of General Psychiatry 51: 62-70.

Mayberg HS, Brannan SK, Mahurin RK, Jerabek PA, Brickman JS, et al. (1997)
Cingulate function in depression: a potential predictor of treatment response.
Neuroreport 8: 1057-1061.

. Miocinovic S, Zhang J, Xu W, Russo GS, Vitek JL, et al. (2007) Stereotactic

neurosurgical planning, recording, and visualization for deep brain stimulation
in non-human primates. Journal of neuroscience methods 162: 32-41.
Angenstein F, Kammerer E, Scheich H (2009) The BOLD response in the rat
hippocampus depends rather on local processing of signals than on the input or
output activity. A combined functional MRI and electrophysiological study. The
Journal of neuroscience: the official journal of the Society for Neuroscience 29:
2428-2439.

Angenstein F, Krautwald K, Scheich H (2010) The current functional state of
local neuronal circuits controls the magnitude of a BOLD response to incoming
stimuli. Neurolmage 50: 1364-1375.

Jin T, Kim SG (2008) Cortical layer-dependent dynamic blood oxygenation,
cerebral blood flow and cerebral blood volume responses during visual
stimulation. Neurolmage 43: 1-9.

Masamoto K, Kim T, Fukuda M, Wang P, Kim SG (2007) Relationship
between neural, vascular, and BOLD signals in isoflurane-anesthetized rat
somatosensory cortex. Cerebral cortex 17: 942-950.

February 2013 | Volume 8 | Issue 2 | 56640



