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Abstract

Although deep brain stimulation (DBS) has been found to be efficacious for some chronic pain syndromes, its useful-
ness in patients with central poststroke pain (CPSP) has been disappointing. The most common DBS targets for pain are
the periventricular gray region (PVG) and the ventralis caudalis of the thalamus. Despite the limited success of DBS for
CPSP, few alternative targets have been explored. The nucleus accumbens (NAC), a limbic structure within the ventral
striatum that is involved in reward and pain processing, has emerged as an effective target for psychiatric disease. There
is also evidence that it may be an effective target for pain. We describe a 72-year-old woman with a large right
hemisphere infarct who subsequently experienced refractory left hemibody pain. She underwent placement of 3
electrodes in the right PVG, ventralis caudalis of the thalamus, and NAC. Individual stimulation of the NAC and PVG
provided substantial improvement in pain rating. The patient underwent implantation of permanent electrodes in both
targets, and combined stimulation has provided sustained pain relief at nearly 1 year after the procedure. These results

suggest that the NAC may be an effective DBS target for CPSP.
© 2012 Mayo Foundation for Medical Education and Research ® Mayo Clin Proc. 2012;87(10):1025-1031

he efficacy of deep brain stimulation (DBS)

is well established in Parkinson disease and

essential tremor. "> However, results of DBS
for chronic pain vary depending on the nature of the
pain.” Deep brain stimulation is generally more ef-
fective for nociceptive than for deafferentation
pain.* Several targets have been explored for con-
trolling pain, including the septal area, the posterior
limb of the internal capsule, the centromedian and
parafascicular nuclei, the ventralis caudalis of the
thalamus (VC), and the periventricular gray region
(PVG).*" The preferred targets are the PVG and VC
due to ease of targeting and efficacy. Stimulation of
the PVG and VC for central poststroke pain (CPSP),
however, has failure rates ranging from 33% to
82%.%%7 These poor results suggest that alternative
targets should be explored.

Deep brain stimulation of the nucleus accum-
bens (NAC), an extension of the ventral striatum
involved in reward processing, has been found to be
effective for depression and obsessive-compulsive
disorder.'®!" Based on increasing evidence that the
NAC also mediates pain processing, we hypothe-
sized it might be an effective target for CPSP.

We describe a patient with refractory CPSP and
controlled depression in whom DBS surgery was
performed with the NAC, PVG, and VC as targets for
stimulation. Nucleus accumbens and PVG stimula-
tion provided substantial relief 1 day postsurgery.
The patient subsequently underwent implantation
of permanent electrodes in both targets and has ex-

perienced continued pain relief at 11 months
postsurgery.

REPORT OF A CASE

A 72-year-old woman sustained a right middle ce-
rebral artery infarct in July 2009 resulting in left
hemiplegia, hemianopia, and hemisensory loss to
pinprick and temperature. Within 3 months, con-
stant, severe left arm and leg pain developed. She
had no allodynia or hyperalgesia. Pain persisted de-
spite adequate trials of oxycodone, lamotrigine, gab-
apentin, pregabalin, citalopram, carbamazepine,
amitriptyline, duloxetine, alprazolam, baclofen,
transcutaneous electrical nerve stimulation, and
botulinum toxin injection to relieve right shoulder
pain. She was referred to the Mayo Clinic in Roch-
ester, Minnesota, 11 months poststroke for consid-
eration of DBS. Neuropsychiatric assessment per-
formed at the time of referral revealed that the
patient had a history of depression that began
shortly after the onset of her stroke. Her depressive
symptoms had been refractory to several antidepres-
sant medications including citalopram, amitripty-
line, and duloxetine. However, she responded well
to electroconvulsive therapy (ECT), which was ad-
ministered on July 26, 2010, 12 months after her
stroke. Relief from depression following ECT was
maintained with sertraline, a selective serotonin re-
uptake inhibitor. The Mayo Clinic DBS committee
approved surgery in November 2010.
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DBS Procedure

Surgery was performed with local anesthesia. After
placing a Leksell head frame (Elekta, Norcross, GA),
stereotactic magnetic resonance imaging with gado-
linium was performed. Compass software (Compass
International Innovations Inc., Rochester, MN) and
a Schaltenbrand-Wahren atlas were used to target
the PVG and VC.'” The NAC was targeted using
coordinates described by Schlaepfer et al.'? Coordi-
nates were as follows: 2.5 mm lateral to the third
ventricular wall, 2.5 mm anterior to the posterior
commissure, and 2.0 mm inferior to the intercom-
missural line (ICL) for the PVG; 12 mm lateral to
midline, 3.5 mm anterior to the posterior commis-
sure, and 0.0 mm from the ICL for the VC; and 7.0
mm lateral to midline, 1.0 mm anterior to the ante-
rior commissure, and 4 mm inferior to the ICL for
the NAC. Through a single incision, 3 separate burr
holes were made for the planned electrode trajecto-
ries. The PVG was targeted first, followed by the VC
and NAC. Microelectrode recordings from the NAC
and PVG showed spike activity. The VC recordings
demonstrated activation of sensory cells with light
touch, despite the fact that the patient exhibited no
conscious awareness of the stimuli. Medtronic
model 3387 leads (Medtronic, Inc, Minneapolis,
MN) were advanced to the intended targets. Macro-
stimulation yielded no adverse effects, and fluoros-
copy ensured no lead migration. The leads were se-
cured and externalized for stimulation, and the
wound was closed. Preoperative planning images
and VC recordings are shown in Figure 1. Postop-
erative magnetic resonance imaging showed lead
placement at the intended targets (Figure 2).

Test Stimulation and Follow-up

Double-blinded test stimulation was initiated on
postoperative day 1. Nursing staff recorded hourly
pain ratings using a 0 to 10 visual analog scale. The
patient rated pain as a 10 before surgery and as an 8
before stimulation. Targets were stimulated individ-
ually for 3 hours at a 90-us pulse width, a frequency
of 130 Hz, and an amplitude of 4.0 V. The patient
reported no pain relief. Eye deviation occurred with
PVG stimulation, and the distal contact was excluded
from further stimulation. The pulse width was in-
creased to 300 us, and the patient reported a pain
rating of 3 during NAC and PVG stimulation. She re-
ported no relief with VC stimulation. Combined NAC
and PVG stimulation gave further relief without ad-
verse effects. The NAC and PVG electrodes were then
internalized for long-term stimulation, and the settings
were further adjusted before discharge.

At 3 weeks postoperatively, with the addition of
physical therapy, the patient rated her pain level as a
2. At 6 months, her pain ratings ranged from 0 to 2.
Long-acting morphine was discontinued, and hy-

MAYO CLINIC PROCEEDINGS

drocodone was reduced from 40 mg/d to 10 mg/d.
Carbamazepine, pregabalin, and sertraline were
continued. Her depression remained in remission.
To further assess individual target efficacy, the PVG
electrode was turned off, and NAC stimulation was
continued at the original settings. Pain recurred
within 1 week. It partially improved with reinitia-
tion of PVG stimulation, although the pulse width
for the NAC was eventually increased from 300 to
450 us because of continued pain. Isolated PVG
stimulation was then tried, but pain recurred several
weeks later. The PVG voltage was increased from 3.0
to 3.5 V without relief. At that point, NAC stimula-
tion was restarted at 1.0 V. At 11 months postsur-
gery, the patient reported her pain level as 0 of 10
with combined NAC and PVG stimulation (Table).

DISCUSSION
Herein, we report sustained analgesia following
combined NAC and PVG stimulation in a single pa-
tient with treatment-refractory CPSP. There is cur-
rently an ongoing randomized trial of NAC stimula-
tion for thalamic pain.'* As many as 8% of stroke
patients suffer from CPSP.'” The percentage may be
higher in patients with strokes involving the spino-
thalamic pathway or central pain processing ar-
eas.'©'® Antidepressants are considered the first
line of treatment, followed by anticonvulsants and
opiates.'”*! Deep brain stimulation or motor cortex
stimulation (MCS) are considered when medica-
tions and less invasive modalities fail. Some investi-
gators advocate that MCS is more effective for
CPSP.?” However, MCS requires integrity of the un-
derlying cortex. The large size and location of the
infarct in our patient made DBS a better option.
We targeted 3 sites known to play critical roles
in pain processing: the VC, NAC, and PVG. The VC
receives input from the lateral component of the
spinothalamic pathways and projects to the somato-
sensory cortex, the secondary somatosensory cor-
tex, and eventually the posterior insular and parietal
cortices.””** The function of this pathway is pain
localization. There is evidence that loss of VC affer-
ents results in hyperpolarization of neurons within
the thalamic reticular nucleus and transition to
bursting, which spreads to lateral and medial thal-
ami via reciprocal projections and could eventually
reach conscious perception as aberrant pain sig-
nals.”*?” The few studies that have investigated the
mechanism of analgesia from VC stimulation sug-
gest that pain relief is provided through activation of
both descending and ascending pathways. In animal
models, the analgesic effect of VC stimulation is
eliminated by lesioning the spinal cord,”® whereas
positron emission tomographic studies demonstrate
that ascending projections are also activated as rel-
ative hypermetabolism of the anterior cingulate
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DEEP BRAIN STIMULATION OF THE NUCLEUS ACCUMBENS FOR PAIN

FIGURE 1. A, Preoperative axial T2-weighted fluid-attenuated inversion recovery image showing an old right hemispheric infarct
with cortical encephalomalacia and Wallerian degeneration in the right thalamus. B, Intraoperative photograph showing external-
ized leads. Test stimulation was performed on the first postoperative day. C, Microelectrode recordings from the ventralis caudalis
of the thalamus (VC) (10-second strip) demonstrating spike activity to light touch (arrows) even though the patient had no
conscious perception. D-F, Stereotactic planning for deep brain stimulation of the VC (D), nucleus accumbens (NAC) (E), and
periventricular gray region (PVG) (F). The PVG and VC were targeted using the human brain atlas of Schaltenbrand and Wahren,'”

‘\3

and the NAC was targeted using stereotactic coordinates described by Schlaepfer et al.'~ Targets are indicated by red dots. R = right.

gyrus occurs with VC stimulation.”” In our case,
analgesia was not obtained by VC simulation but
with combined NAC and PVG stimulation.

The NAC is a 10.5 X 14.5 X 7.0-mm ventral
extension of the striatum located rostral to the ante-
rior commissure and underneath the anterior limb
of the internal capsule.”® The NAC occupies a stra-
tegic location. It receives input from the prefrontal
cortex (PFC) and limbic structures, such as the hip-
pocampus and amygdala, and sends output to mo-

tor control regions. This circuitry allows contextual
input from the hippocampus and emotional input
from the amygdala to be integrated with cognitive
information supplied by the PFC to motor control
areas that are important in the selection of goal-
directed behaviors.”” This unique neuroanatomic
position allows the NAC to modulate pain process-
ing directly through inhibitory projections to the
medial thalamus®®’" and from the medial thalamus
to the dorsal horn neurons.***> The NAC together
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FIGURE 2. Postoperative (left) and preoperative (right) stereotactic mag-
netic resonance images for each target. A, Nucleus accumbens (NAC). B,
Periventricular gray region (PVG). C, Ventralis caudalis of the thalamus
(VC). Tl-weighted coronal sequences are shown with the target high-
lighted with a red dot. Metal artifact for each electrode can be seen,
demonstrating that electrodes were placed at intended targets. R = right.

with the PFC, insula, and anterior cingulate cortex
mediates the affective (“unpleasant”) component of
pain.”* The NAC also suppresses the aversive and
autonomic components of pain through direct in-
hibitory projections to the amygdala and periaque-
ductal gray region.’””°

In addition, the NAC is one of few locations
where dopamine and glutamate neurotransmissions
converge. Recent findings suggest that the opioid
receptor agonist TAN-67, a compound that causes
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antinociception or hyperalgesia (in mice) depending
on its enantiomeric form, triggers a release of gluta-
mate that ultimately, via activation of N-methyl-D-
aspartate receptors, enhances release of dopamine
from dopaminergic nerve terminals in the NAC.””
We have previously reported that high-frequency
stimulation of the subthalamic nucleus increases
glutamate and dopamine levels in rats and large an-
imal models.’®*° Thus, it is not unreasonable to
presume that high-frequency stimulation of the
NAC may also result in glutamate and dopamine
release, which could result in analgesia through un-
known downstream effects.

Although the NAC has never been directly tar-
geted for pain, the analgesic effect of intracranial
stimulation was first discovered with septal stimula-
tion, an area in close proximity to the NAC. During
behavioral experiments, Heath and Mickle® discov-
ered that septal stimulation not only provided in-
tense reward but also relieved chronic pain in some
patients. Gol” later reproduced this finding incon-
sistently in cancer patients. Based on its proximity to
the septal area and its function in reward processing,
it is tempting to speculate that these investigators
were actually stimulating the NAC.

Interestingly, PVG stimulation in our patient
was also associated with marked analgesic effect.
The PVG has ascending projections to the intralami-
nar and medial dorsal nuclei in addition to descend-
ing projections to raphespinal and reticulospinal
nuclei.”” It has been suggested that PVG stimulation
may release endogenous opioids and activate de-
scending pain inhibitory pathways.**'

Further research is needed to elucidate the mech-
anisms underlying the ameliorative effects of NAC
stimulation on pain. For example, there is some evi-
dence that NAC stimulation may have an antidepres-
sant effect.'®!'" Tt could be argued that because our
patient had symptoms of depression, NAC stimulation
had a mood-modulating effect that had a positive im-
pact on the patient’s experience of pain. It is important
to note, however, that the patient had relief from her
depressive symptoms prior to surgery through ECT,
that she was responding well to selective serotonin re-
uptake inhibitor medication at the time of DBS implan-
tation, and that her subjective experience of depression
was unchanged following DBS. Further research is also
needed to evaluate the efficacy of NAC stimulation.
Currently, Machado'* is conducting a prospective,
randomized study of DBS of the ventral striatum and
anterior internal capsule for patients with thalamic
pain syndrome.

CONCLUSION

We report sustained analgesia from combined stim-
ulation of the NAC and PVG in a refractory case of
CPSP. The durable response suggests that the NAC
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Time PVG settings NAC settings VAS pain scores
Before surgery 10
Postimplantation/prestimulation 8
Day | stimulation PW: 90 us 8
F: 130 Hz
A 40V
PW: 90 us 8
F: 130 Hz
A 40V
Day 2 stimulation PW: 300 us 3
F 130 Hz
A 40V
PW: 300 us 3
F 130 Hz
A 40V
3 wk postsurgery PW: 300 us PW: 300 us 2
F: 130 Hz F: 130 Hz
A 35V A 40V
7 mo postsurgery PW: 300 us PW: 300 us 0
F: 130 Hz F: 130 Hz
A 35V A 40V
PW: 300 us 9
F: 130 Hz
A 40V
PW: 300 us PW: 300 us 7
F 130 Hz F 130 Hz
A 30V A 40V
8 mo postsurgery PW: 300 us PW: 450 us 5
F: 130 Hz F: 130 Hz
A 30V A 40V
PW: 300 us 9
F: 130 Hz
A 30V
PW: 300 us 9
F 130 Hz
A 35V
Il mo postsurgery PW: 300 ps PW: 450 us 0
F 130 Hz F 130 Hz
A35V A 1.0V cycling

A = amplitude; F = frequency; NAC = nucleus accumbens; PVG = periventricular gray region; PW = pulse width; VAS = visual analog

scale.

Mayo Clin Proc. ® October 2012:87(10):1025-1031 ® http://dx.doi.org/10.1016/j.mayocp.2012.02.029

www.mayoclinicproceedings.org

1029


http://dx.doi.org/10.1016/j.mayocp.2012.02.029

may be a feasible target for CPSP and other pain
disorders. Given the role of the NAC and PVG in
processing and inhibiting pain and the fact that nei-
ther target was effective in isolation, it may be that
only combined stimulation is effective. Further re-
search is needed to confirm our findings, to evaluate
the efficacy of targeting the NAC for other disorders,
and to investigate the mechanisms of DBS-invoked
analgesia.
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