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Background: Recently, anterior limb of the internal capsule and nucleus accumbens deep brain stimulation
(DBS) has been used in the treatment of medication-refractory obsessive—compulsive disorder (OCD). This
region has been previously explored with lesion therapy, but with the advent of DBS there exists the possibility
of monitoring the acute and chronic effects of electrical stimulation. The stimulation-induced benefits and side
effects can be reversibly and blindly applied to a variety of locations in this region.

Obijective: To explore the acute effects of DBS in the anterior limb of the internal capsule and nucleus
accumbens region.

Methods: Ten total DBS lead:s in five patients with chronic and severe treatment-refractory OCD were tested.
Patients were examined 30 days after DBS placement and received either ““sham’” testing or actual testing of
the acute effects of DBS (the alternative condition tested 30 days later).

Results: Pooled responses were reviewed for comparability of distribution using standard descriptive
methods, and relationships between the variables of interest were sought using %2 analysis. A total of 845
stimulation trials across the five patients were recorded and pooled. Of these 16% were elicited from sham
stimulation and 17% from placebo (0 V stimulation). A comparison of active to sham trials showed that sham
stimulation was not associated with significant side effects or responses from patients. Non-mood-related
responses were found to be significantly associated with the ventral lead contacts (0 and 1) (p=0.001).
Responses such as faste, smell and smile were strongly associated with the most ventral lead positions.
Similarly, physiological responses—for example, autonomic changes, increased breathing rate, sweating,
nausea, cold sensation, heat sensation, fear, panic and panic episodes —were significantly associated with
ventral stimulation (p=0.001). Fear and panic responses appeared clustered around the most ventral
electrode (0). Acute stimulation resulted in either improved or worsened mood responses in both the dorsal
and ventral regions of the anterior limb of the internal capsule.

Conclusion: The acute effects of DBS in the region of the anterior limb of the internal capsule and nucleus
accumbens, particularly when obtained in a blinded fashion, provide a unique opportunity to localise brain
regions and explore circuitry.

of the internal capsule and nucleus accumbens has been

used in the treatment of medication-refractory obsessive—
compulsive disorder (OCD)."* This region has been previously
explored with lesion therapy,”* but with the advent of DBS
there is now a possibility of monitoring the acute and chronic
effects of electrical stimulation. The stimulation-induced
benefits and side effects can be reversibly and blindly applied
to a variety of locations in this region, which spans 20 mm
between proximal and distal contacts on the DBS lead. We
report the results of acute blinded DBS in this emerging brain
target. The results from this study offer a glimpse at the
underlying neural circuitry that may be available for neuromo-
dulation, and the responses seen with acute stimulation.

Recently deep brain stimulation (DBS) in the anterior limb

METHODS

Five patients, mean age 38 years (three men and two women),
underwent DBS placement in the anterior limb of the internal
capsule and nucleus accumbens region (surgical procedure
described previously in detail”’) for longstanding and severe
treatment-refractory OCD. The mean (standard deviaton (SD))
duration of illness was 17 (4.1) years. All patients were
previously unresponsive to comprehensive trials of both
medical and cognitive behavioural treatment for OCD.
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For each patient, a high-resolution, volumetric, 3-T magnetic
resonance imaging (MRI) scan was obtained 1 day before the
procedure. The morning of the procedure, a Cosman—Roberts—
Wells head ring was applied under local anaesthesia and a
high-resolution stereotactic head computed tomography scan
was also performed. The computed tomography and MRI
images were fused, and the 3-T MRI images were then used to
precisely image the anterior limb of the internal capsule. Image
fusion and stereotactic targeting were performed using com-
puter software (ImMerge Zmed) that facilitated targeting in
“atlas space”. A Cartesian coordinate system confirmed the
patient’s mid-commissural point, and this point was used as a
reference to confirm the target. A “larger” DBS lead was used
(3387 1ES) with 3 mm contacts and 4 mm spacing between
contacts. The larger lead was chosen because of the coverage
required of this relatively larger target region. The first DBS
electrode (in each patient) was placed in the region of the right
anterior limb of the internal capsule, with the tip positioned
deep and through the anterior commissure and into the
approximate centre of the nucleus accumbens. The left-sided
DBS lead (in each patient) was then placed in an identical

Abbreviations: DBS, deep brain stimulation; MRI, magnetic resonance
imaging; OCD, obsessive-compulsive disorder
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procedure, with approximate mirror image coordinates to the
first. A follow-up computed tomography—-MRI fusion was
performed to localise and confirm the final lead positions in
all patients.

At approximately 30 days after surgery, the patients were
randomised to a staggered (1 month or 2 months) DBS
activation as required by the National Institutes of Health
Study they consented to. At the visit, patients received either
““sham’’ testing or active testing of the DBS contacts in an effort
to define placebo responses. Each patient was studied in two
sessions (either one sham/one active or two active). During the
sessions across five patients, both leads were tested in each
patient. Patients underwent blinded testing during which they
sat in a chair behind a curtain (facing a video camera). A DBS
programmer fastened a DBS telemetric programming ““head”
over the patient’s impulse generator (anterior chest), and then
sat behind a curtain for the duration of the testing. A
neurologist specialising in movement disorders stood in front
of, and between, the curtain in clear view of the patient and the
programmer. Additionally, another member of the team
recorded the stimulation states and patient’s responses to acute
stimulation. The neurologist wrote each change in stimulation
parameter on a clipboard visible only to the programmer and
note taker. All study personnel were trained to spend identical
time with settings, whether they were sham, placebo or active,
and to not respond orally or with changes in facial expression to
any reaction by the patient. The patient could only see the
rating neurologist, who read from a script.

During multiple programming sessions that followed,
patients were tested individually at each lead (n=10) and
each contact (0, 1, 2 and 3) at 0, 2, 4, 6 and 8 V (pulse width of
210 ps at each contact) using monopolar DBS. The frequency of
stimulation was held constant at 135 Hz. The stimulation
amplitude was systematically increased in each patient from
the starting value of 0V, in an attempt to obtain an acute
behavioural response that could be recorded. The testing was
then repeated (in an identical fashion), first at a pulse width of
90 us, and then at a pulse width of 450 ps. Slight variations
were found in the number of trials performed for patient safety
reasons. If the neurologist recorded an unacceptable side effect,
then trials of higher amplitudes of stimulation at that contact
were aborted.

After the DBS setting was changed, the patient was given 20—
30 s and then asked open-ended questions as to whether there
were changes in mood, and/or any perceivable changes or side
effects. All responses, including spontaneous responses, were
recorded. The neurologist noted in the data whether smiles
were elicited by observing the patient during the testing
sessions. The digital quantification of smiles has been published
previously,” " and in this study, we used a visual observation
rather than face digitisation. Data were scored according to
whether a response could be initiated (at any DBS parameter
setting) at specific lead contacts (0, 1, 2 and 3), with the goal of
localising which regions elicited responses. At the conclusion of
each session (after both leads were tested), the amplitude was
titrated to ensure that optimal benefit was reached and that
tolerance was evident without side effects. Stimulation was not
left on while the contralateral device was tested.

Analysis

Given the preliminary nature of this study and the considerable
data on each patient collected during the sham and active DBS
testing sessions, analysis was conducted on the pooled
stimulation responses from all five patients. Pooled responses
were reviewed for comparability of distribution within and
between patients using standard descriptive methods. Any
relationship between the variables of interest was sought using
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x?> analysis (SPSS V.13.0). A Bonferroni correction was
completed to adjust for multiple comparisons. Data from the
trials were reviewed using %> and graphical methods to identify
possible “‘noise”” or confounders in the dataset.

Standard definitions of stimulation states were established
for the analysis. The first programming session for each patient
was either sham (n = 3) or active (n = 2). Patients were blinded
to the DBS state. The three patients who had sham DBS were
converted to active DBS during their second programming visit.
The other two patients continued on active DBS.

Specific definitions for active, placebo and sham DBS were
established as follows:

® Active DBS: included all responses when patients were
receiving stimulation, excluding responses when stimulated
at 0 V, unless the response recorded at 0 V was after a high-
voltage response (6-8 volts) and resulted in an effect
identical to the 0 V response. As these identical responses
at 0 V potentially represented carry-over responses, they
were counted as active rather than placebo for analysis.

® Placebo DBS: included all responses recorded during 0 V of an
active DBS session (except as clarified above for carry-over
effects).

® Sham DBS: included all responses during a completely sham
session.

A total of 16% of the total DBS setting trials for this study
were sham DBS; 17% of the total DBS setting trials for this
study were placebo DBS. Sham and placebo responses were
pooled for one analysis when comparing whether sham and
placebo were different from active DBS.

Results of testing

Data were recorded and pooled from 10 active stimulation
sessions and 5 sham sessions (n = 845 trials) across 5 patients
(3 patients received sham DBS and 2 active DBS at initial
sessions).

All patients contributed substantially to the dataset (mean 169
(SD 56.8) response trials). No significant differences were noted
between the patients across the parameters of lead and voltage.
One patient had a greater percentage of active stimulation trials at
the pulse width 210 ps, because of tolerance issues.

Sham versus active stimulation

Active stimulation trials comprised 84% of the total dataset,
with sham responses comprising 16%. Within the set of active
stimulation responses, an additional 17% were considered
placebo responses. No significant side effects or active
responses were elicited by complete sham stimulation.
Analysis of active to sham/placebo responses showed that
active stimulation was significantly associated with response
across all the measured outcomes (p = 0.001).

All responses in the dataset were obtained from monopolar
stimulation with 95% of responses elicited at a frequency of
135 Hz. Laterality of stimulation was equally distributed
between the patients and across the stimulation parameters,
with 53.7% (95% confidence interval (CI) 50.3 to 57) of trials
elicited from the right side of the brain and 46.3% (95% CI 42.9
to 49.6) from the left side. Stimulation trials across the four
different lead contact sites (0-3) were equally distributed, with
each contact being randomly stimulated in approximately 20%
of trials. Voltage parameters (0, 2, 4, 6 and 8 V) and pulse
widths (90, 210 and 450 ps) were also similarly represented
across the pooled stimulation trials.

Response by lead contact

Non-mood-related responses (taste, smell and the motor act of
smile) were significantly associated with the ventral lead
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Contact locations and the responses elicited by acute deep brain stimulation. The contacts are defined as 0, ventral (deepest), and then numbered

in order (1, 2 and 3) moving dorsally towards the top of the diagram. (A) Non-mood-related responses (taste, smell and the motor act of smile) were
significantly associated with the ventral lead contacts (0 and 1; p=0.001). (B) Other responses including physiological and physiologically related
responses —for example, autonomic changes, increased breathing rate, sweating, nausea, cold sensation, heat sensation, fear, panic and panic episodes—
were dlso significantly associated with ventral stimulation (p=0.001). (C) Fear and panic responses appeared clustered around the most ventral electrode

(0).

contacts (0 and 1; p=0.001). The total number of reported
smell experiences included metallic (n=6), odd (n=10),
sweet (n=4), strange (n=4) and roses/oil/almonds (n =13).
Tastes included metallic (n =5), sour (n =4) and odd (n = 7).

Similarly, other responses including subjectively perceived
(by the patient) physiological and physiologically related
responses—for example, autonomical changes, increased
breathing rate, sweating, nausea, cold sensation, heat sensa-
tion, fear, panic and panic episodes—were also significantly
associated with ventral stimulation (p=0.001; table 1). Fear
and panic responses appeared clustered around the most
ventral electrode (0; fig 1 summarises the contact locations
and responses elicited). Two patients in this series had severe
clinically relevant panic at the 0 contact.

Mood and anxiety responses were significantly associated
with lead contact position (p=0.001). Acute stimulation
resulted in either improved or worsened mood responses in
both the dorsal and ventral regions of the anterior limb of the
internal capsule, as well as in the nucleus accumbens region.
However, worsened mood was significantly associated with
stimulation of the most ventral lead (p=0.001), whereas
improved mood was more often associated with stimulation of
contact 1 of the DBS lead. Reporting of unacceptable side
effects by patients was also significantly associated with the
two more ventral lead contacts (p =0.01). No association with
laterality of lead was identified.

Response by voltage level
Responses to stimulation at the various voltage levels (0, 2, 4, 6
and 8 V) showed a titration effect. Higher voltage levels showed

a significant association with increased sensory (eg, smell and
taste) hallucinations (p =0.001). Physiological responses to
acute stimulation across the five voltage levels, although
variably distributed, showed a significantly greater range of
responses from 6 to 8V (p=0.001; 92/375 trials =24%
combined autonomic response to high-voltage stimulation (6—
8V); 16/301 trials =5.3% combined autonomic response to
low-voltage stimulation (04 V)). Combined autonomic
responses (sweating, nausea and panic) were more commonly
seen at this level (odds ratio 5.79, 95% CI 3.4 to 9.8).

Mood and anxiety perception was similarly affected by
voltage level. Higher voltages were significantly associated with
worsening mood and increased anxiety, whereas lower voltages
were associated with improved mood and lowered anxiety level
(p=0.001; tables 2 and 3). This result of current change was
mirrored by patients” reports of more unacceptable side effects
at higher voltage levels (p =0.001).

Response by pulse width

A significant association between pulse width and response was
observed from the pooled stimulation data (p=0.001). The
pulse width 210 ps elicited the greatest number and range of
responses in comparison to the two other pulse widths.
Correspondingly, an increased range of physiological responses
was associated with the higher pulse widths 210 and 450 ps
(p=10.001). Autonomic-related responses (nausea, cold sensa-
tion, fear and panic) were recorded more often at these pulse
widths. In contrast with physiological responses, no association
was found between mood change or anxiety level by either the
patient’s or the doctor’s report, for any pulse width. Likewise,

Table 1 Responses by lead contact (n=695)
Response Lead O Lead 1 Lead 2 Lead 3 Total
None 84 144 126 94 448
Tired/! |ethargic 2 4 4 0 10
Heat 9 11 2 2 24
Sweating 9 4 1 2 16
Feeling of increased heart rate 0 2 0 0 2
Nausea 5 0 0 0 5
Cold/chills 0 2 4 0 6
Confusion 1 1 3 1 6
Tingling/chest vibration 0 19 15 27 61
Unclear 9 0 1 2 12
Other—shot up nose, pulling 9 13 14 7 43
Combined 15 13 7 7 42
Fear/extreme distress 14 3 0 3 20
Total 157 216 177 145 695
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Table 2  Subjective mood change by voltage

Improved Worsened No mood
Voliage =~ mood mood change Total
0 32 6 102 140
2 24 16 125 165
4 31 52 87 170
6 14 63 51 128
8 18 85 43 96
Total 119 172 408 699

no association was shown between patients’” reports of
unacceptable side effects and pulse width.

DISCUSSION

The results of this study show several important observations
regarding DBS in the anterior limb of the internal capsule and
nucleus accumbens region. Firstly, the protocol for this study
used a technique that effectively blinded patients to the
stimulation condition, and this resulted in consistent and
reliable data. The data suggest that effects such as taste, smell,
motor smile, autonomic changes, increased breathing rate,
sweating, nausea, cold sensation, heat sensation, fear and panic
occurred with more ventral stimulation. Further, higher-
amplitude ventral stimulation resulted in more unacceptable
side effects. More overall responses occurred at higher voltages
and at higher pulse widths. Contact 1 in this study was
associated with the greatest mood improvement, and this study
showed that although there were mood changes across the full
span of the electrode, lower voltages were associated with
improvements in mood and anxiety. These data can be used by
practitioners charged with programming devices implanted in
this region, and by researchers interested in developing an
understanding of the underlying neural circuitry.

The data from this study indicated that mood could be
improved or worsened by acute stimulation in either the dorsal
or ventral regions of the internal capsule, as well as in the
nucleus accumbens region. Lower voltages seemed to be better
for eliciting positive mood responses. There seemed to be
improved mood and giddiness in the more ventral regions.
These more ventral regions, when stimulated, may result in a
stimulation-induced smile."” These results, although not loca-
lising, may suggest that broad areas and possibly fibre bundles
are involved in these responses. The reasons for the individual
responses that were seen, particularly with respect to the
plethora of findings with dorsal stimulation, are probably target
dependent and lead location dependent. These target and
location dependencies have recently been seen in the observa-
tions of stimulation-induced depression, laughter and mania.""
17

Swerdlow and Koob" noted that the nucleus accumbens is at
an interface for limbic projections from the amygdala,
hippocampus and cingulate cortex. It receives input from
dopaminergic-containing nuclei and may be responsible for
mediating behavioural and affective changes of stimulant
drugs. Hence, the effects on mood that we observed were
possibly mediated by stimulation of the ventral striatum or
ventral striatal region. The brain mechanisms that might
account for the acute changes seen in these patients are
unknown, but there are several possibilities. Haber" and
others*** have used multiple tracer paradigms to show
different striatal regions interface via dopaminergic midbrain
cells. These connections form an ascending spiral information
flow between multiple striatal regions. They propose a limbic—
cognitive—-motor interface mediated via the ventral midbrain
region. Thus, stimulation of either the ventral striatum

Table 3 Subjective anxiety by voltage change

Voltage Anxiety None Total
0 9 131 140
2 10 155 165
4 45 125 170
6 58 69 127
8 43 51 94
Total 165 531 696

(nucleus accumbens region) or ventral and/or dorsal capsular
fibres might have elicited limbic responses leading to positive
and negative mood changes. Similarly, we have reported that
these changes may be partly due to limbic—-motor networks."

Many mood changes were confirmed by this stimulation
paradigm. DBS in the region of the nucleus accumbens and the
anterior limb of the internal capsule could activate fibres
(perhaps descending, but possibly ascending) from the orbital
and medial prefrontal cortex and/or cingulate gyrus, which
might drive mood changes through one or both of the classic
non-motor basal ganglia loops described by Alexander et al.” **
Euphoria (a positive change in affective state with the
experience of happiness) has been associated with increased
activation of the orbitofrontal cortex and medial prefrontal
cortex in mood-induction studies.”** These areas of the frontal
lobe are strongly connected to the ventral striatum. Previously,
we observed the co-occurrence of a contralateral smile and
cuphoria with DBS in this region,'* providing further evidence
of limbic and limbic-motor loops, which can be influenced by
electrical stimulation.

The fear and panic responses were clustered around the
ventral region of the DBS electrode. In particular, DBS in the
region of the nucleus accumbens resulted in panic-like episodes
in one patient reported earlier.”” The finding that the ventral
contact elicited the strongest response and that this response
was reproducible and reliable (not elicited by sham stimula-
tion) may help clarify the potential circuits responsible for fear,
panic and panic episodes. Hypothalamic and/or autonomic
fibres in the same circuitry may mediate the increase in heart
rate, flushing and heat sensation observed in our patients (and
also seen with ventral stimulation), but this topic remains open
for future investigations.

Recent data indicate that DBS in the subthalamic nucleus
can both impair fear recognition® and induce fear and
panic.’' ** It may be hypothesised that we activated the
amygdala in a manner similar to DBS in the subthalamic
nucleus region. In this manner, the panic responses elicited
may be the result of activation of efferent fibres that may
emanate from many different regions of the brain, but that all
connect to the amygdala and ultimately the frontal cortex.

Finally, the other effects of DBS evidenced in this case can be
explained on the basis of lead location and surrounding
neuroanatomy, especially as they occurred predominantly in
the ventral region of electrical stimulation. The olfactory and
gustatory hallucinations probably resulted from current spread
anterior to the DBS lead into the region of the medial olfactory
stria, and perhaps as the result of stimulation of olfactory and
gustatory fibres in the anterior commissure.” ** The nausea was
probably the result of current spread into the anterior
hypothalamus, or into pathways involving the temporal lobe
cortex.” The sweating, heat sensation, cold sensation, increased
heart rate and increased breathing may have resulted from
activation of autonomic fibres perhaps associated with the
hypothalamus. Although the exact mechanisms remain to be
elucidated, the circumscribed region over which these effects
occurred helps us to narrow the mechanistic possibilities.
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The acute effects of DBS in the region of the anterior limb of
the internal capsule and nucleus accumbens, particularly when
obtained in a blinded fashion, provide us with a unique
opportunity to localise brain regions that may respond
therapeutically to this treatment modality. Understanding the
circuitry of these regions could lead to more focused treat-
ments. This study has shown a blinding technique that can be
used to reliably sort patients” responses and improve the
validity of results. Future studies, however, need to improve on
the methodological limitations of this report by testing each
condition for a longer period of time, focusing on specific
regions or specific symptoms, and using functional imaging to
help localise the circuits involved in particular changes. This
study did not seek to examine the chronic effects of DBS or
habituation of responses. Despite the limitations of this study,
it does provide a ““snapshot” of the contents of the anterior limb
of the internal capsule and nucleus accumbens, and future data
may help guide clinician programmers as well as brain-
behaviour researchers. We hope to deal with the potential
relevance of acute responses to predicting clinical effects in
follow-up studies.
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