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Abstract

Objectives. Deep brain stimulation (DBS) to the nucleus accumbens (NAcc-DBS) has antidepressant effects in patients suf-
fering from treatment-resistant depression (TRD). However, limited information exists regarding the impact of NAcc-DBS
on cognitive functioning. The aim of this study was to examine whether NAcc-DBS in patients with TRD has any cognitive
effects. Methods. A comprehensive neuropsychological battery was administered to 10 patients with TRD before onset of
bilateral NAcc-DBS and after 1 year of DBS stimulation. Neuropsychological testing covered the domains of attention,
learning and memory, executive functions, visual perception, and language. Performance was analyzed at baseline and after
1 year of continuous DBS. Results. No evidence was found for cognitive decline following NAcc-DBS comparing test results
after 1 year of NAcc-DBS with baseline. However, significantly improved cognitive performance on tests of attention, learn-
ing and memory, executive functions and visual perception was found. In addition, there was a general trend towards cogni-
tive enhancement from below average to average performance. These procognitive effects were independent of the
antidepressant effects of NAcc-DBS or changes in NAcc-DBS parameters. Conclusions. These results not only support cog-
nitive safety of NAcc-DBS but also stress its beneficial role in augmenting cognitive performance in patients with TRD.
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Introduction demonstrated efficacy in small patient populations

(Lozano et al. 2008; Schlaepfer et al. 2008b; Malone
et al. 2009; Bewernick et al. 2010). Specifically, we
have shown that DBS to the Nucleus Accumbens
(NAcc-DBS) has antidepressant, anti-anhedonic and
anti-anxiety effects in patients with TRD (Schlaepfer
and Lieb 2005; Schlaepfer et al. 2008b; Bewernick
et al. 2010).

Major depression is a chronic and life-threatening
disorder affecting up to 20% of the population world-
wide (Berton and Nestler 2006). Only 50% of patients
with major depression show full remission in response
to current pharmacological and psychological thera-
pies (Fava 2003); thus treatment-resistant major
depression (TRD) is a frequent clinical phenomenon.

Network models of depression assuming depression
to be associated with dysfunctions of distributed fore-
brain circuits have recently been posited (Krishnan
and Nestler 2008). Hypothesis-guided deep brain
stimulation (DBS) has been investigated systemati-
cally for its putative effects on those network dysfunc-
tions and related clinical symptoms; first studies have

DBS treatment is more localized than other brain
stimulation therapies such as electroconvulsive ther-
apy (ECT), magnetic seizure therapy (MST) or
vagus nerve stimulation (VNS) (Schlaepfer et al.
2008a) yielding antidepressant effects (Schlaepfer
et al. 2010). Thus, regarding cognitive deterioration,
DBS might have advantages over seizure-evoking
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treatments (Lisanby et al. 2000; Sackeim 2000;
Lisanby et al. 2003; Kosel et al. 2007; Prudic 2008).
Already in 1997, it has been put forward that brain
stimulation therapies might improve depression at
the cost of further cognitive decline in patients
already suffering from cognitive disturbances
(Paradiso et al. 1997). The phenomenon of pseudode-
mentia is defined as reversible cognitive impairment
occurring in major depression, necessitating antide-
pressant treatments without cognitive side effects
(Bulbena and Berrios 1986; Saez-Fonseca et al. 2007).
Impairments in several cognitive domains, including
attention, learning and memory, and executive func-
tions have been found in depressed patients (Austin
et al. 2001; Porter et al. 2003; Paelecke-Habermann
et al. 2005; Krishnan and Nestler 2008). Further
studies found evidence for structural and functional
abnormalities believed to mediate cognitive symp-
toms of depression in the prefrontal cortex and hip-
pocampus (Krishnan and Nestler 2008). Moreover,
post-mortem and neuroimaging studies converge on
suggesting structural and functional deficits in sev-
eralsubcorticalregionsincluding thalamus,amygdala,
striatum, hypothalamus, and brainstem (Brody et al.
2001; Drevets 2001; Drevets et al. 2001; Nestler and
Carlezon 2006). Thus, cognitive disturbances are
frequent in patients suffering from depression, stress-
ing the importance of treatments with cognitive
safety.

Limited information exists regarding the influence
of DBS on cognitive functioning in patients with
TRD. Previous studies of DBS in TRD have not
revealed any evidence for DBS-associated cognitive
decline. For instance, McNeely et al. (2008) found
no adverse neuropsychological events in six patients
with TRD treated with DBS of Cg25, the subgenual
cingulate region (SGR; Brodmann area 25). Some
areas of cognition even showed slight improvement
following DBS of Cg25, whereas transient motor
slowing occurred as well. There are conflicting results
regarding neuropsychological impairment, particu-
larly in other studies of DBS in patients with Parkin-
son’s disease (Zahodne et al. 2009) as well as with
obsessive compulsive disorder (Greenberg et al.
2006) and Tourette-syndrome (Kuhn et al. 2007).
This might be due to a lack of differentiation both in
neuropsychological tests used and the target regions
stimulated.

Cognitive changes should be comprehensively
tested for, as they can occur in a number of specific
neuropsychological areas, e.g., planning vs. executive
function. Furthermore, individual characteristics
of the stimulated target region must also be taken
into account when considering potential cognitive
changes (Nestler and Carlezon 2006). For instance,
(McNeely et al. 2008) cognitive functions tended to
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increase from below average at baseline to average
after 12 months of stimulation of Cg25. Interest-
ingly, changes in cognitive functions did not corre-
late with improvements in mood as might have been
expected, considering that deficits in concentration
and memory belong to symptoms of depression
(Austin et al. 2001). Similarly, Malone et al. (2009)
did not detect any effects in 10 patients with TRD
and DBS of the ventral capsule/ventral striatum.

Moreover, factors need to be taken into account,
which might contribute to differences in cognitive tests.
Studies assessing cognitive effects of DBS of the
subthalamic nucleus (STN-DBS) in patients with
Parkinson’s disease resulted in heterogeneous findings
(Parsons et al. 2006a; Zahodne et al. 2009). Advancing
age (Morrison et al. 2000; Trepanier et al. 2000;
Alegret et al. 2001) and stimulation parameters (Woods
et al. 2003) have been identified as factors increasing
the risk of postoperative cognitive deterioration, which
is at odds with findings of improved cognitive functions
as a result of higher stimulation parameters (Francel
et al. 2004; Schoenberg et al. 2008). Interestingly, DBS
of the hypothalamus with higher stimulation parame-
ters was observed to produce more vivid autobiograph-
ical memory as well as to augment verbal learning and
memory (Hamani et al. 2008). Another factor poten-
tially contributing to performance on neuropsycho-
logical tests is the patients’ gender. Sex differences in
cognitive functions are frequently discussed (Hyde
1988). Therefore several factors have been found to be
associated with cognitive performance and its changes
that need to be taken into account.

We report here on the long-term outcome of NAcc-
DBS on the neuropsychological profile of 10 patients
with TRD. The ventral striatum (including the NAcc),
where the stimulation electrode is placed, is ideally
located to modulate cognitive processes orchestrated
by other brain regions (Schlaepfer et al. 2008b).
Specifically, the NAcc receives rich projections
from cortical and subcortical regions such as orbital
and medial prefrontal cortices, hippocampus, and
amygdala (Nauta and Domesick 1984; Nestler and
Carlezon 2006; Cohen et al. 2009). The NAcc, in
turn, indirectly projects to Cg25, medial prefrontal
cortex, amygdala, thalamus, and hypothalamus (Jones
and Mogenson 1980; Mogenson et al. 1983; Kelley
and Stinus 1984; Cohen et al. 2009). Thus, the NAcc
is interconnected with multiple regions centrally
involved in cognitive functions. The hippocampus, for
instance, is crucial for spatial learning and declarative
(explicit) memory (Squire 2004), whereas attention,
working memory, and executive functions particu-
larly engage prefrontal regions (Nestler and Carlezon
2006; Wittchen 2006).

The aim of the present study was to explore
whether NAcc-DBS in patients with TRD changes
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cognitive performance, in particular whether it
impairs cognitive functions. In addition, we strived
to investigate potential associations between changes
in cognitive performance and potential influencing
variables including decreases in depressive symptom
load and stimulation parameters.

Methods and materials
Informed consent

The institutional review boards of both the Universities
of Bonn and Cologne approved the study. Further
details have been published previously (Schlaepfer
et al. 2008b; Bewernick et al. 2010).

Partcipants

Ten patients between 32 and 65 years of age were
treated with NAcc-DBS (see Table I for demographic
data). All patients met criteria for major depressive
disorder (MDD), unipolar type, and were in a current
episode as diagnosed with the Structured Clinical
Interview for DSM-IV-TR (SCID). The minimum
28-item Hamilton Depression Rating Scale (HDRS,;
Hamilton 1967) score was 21. In all cases, the illness
had not responded to standard antidepressant treat-
ments including pharmacotherapy, psychotherapy,
and ECT. Last ECT treatment was at least 1 year
before baseline assessment. Average time between last
ECT and DBS baseline assessment was 40.3 months,
ranging from 12 to 108 months. Patients were diag-
nosed as treatment-resistant according to the Antide-
pressant Treatment History Form (ATHF) (Sackeim
2001). Further inclusion and exclusion criteria have
been published previously (Schlaepfer et al. 2008b;
Bewernick et al. 2010). Mean (=SD) length of the
current episode amounted to 10.8 (*7.5) years, the
number of past medical treatment courses was 20.8
(+8.4), the mean HDRS,  was 32.5 (£5.3) (for
details see Table I).

Targer and surgery

Electrode placement was individually planned using
MRIs, as described elsewhere (Sturm et al. 2003).
The target structure was the posteroventromedial
part of the NAcc. Electrodes were implanted bilater-
ally in the ventral striatum. Each electrode has four
contacts: (1) the shell and (2) the core regions of the
NAcc, and (3) the ventral and (4) the medial inter-
nal capsule (Schlaepfer et al. 2008b). Electrodes
were connected to an implanted neurostimulator.
DBS electrode insertion was performed stereotacti-
cally; standard Medtronic model 3387 leads were

Table I. Demographic and clinical characteristics.

Variable Mean SD

Age at implant (years) 48.6 11.65

Sex (% female) 40%

Duration of education (years) 14.4 2.5

Percentage retired due to depression 90%

Length of current episode (years) 10.79 7.51

Number of previous episodes (lifetime) 1.6* 0.89

Age at onset (years) 31.7 13.23

Time since diagnosis of affective 19.0 9.08
disorder (years)

Lengths of previous hospitalizations 19.5 12.39
(months)

Number of antidepressant pharmaceuticals 4.3 1.34
at implant

Number of past medical treatment courses 20.8 8.35

Number of medications included 14.1 5.63
in formula

Mean total of ATHF* score 41.7 15.33

Mean ATHF score and SD 3.2 0.42

Average number of treatment trials 8.3 3.27
with ATHF =3

Past ECT/MST sessions received 20.8 8.63

Psychotherapy (hours) 316.4 265.25

Number of serious life events (lifetime) 17.6 6.13

Comorbid physical illnesses (%) 30%

Suicide attempts (% preoperative) 30%

Social support (% with support) 70%

“Five patients did not have separate episodes.

“*Modified Antidepressant Treatment History Form (ATHF)
according to Sackeim (2001).

A score of “3” is the threshold for considering a trial adequate and
the patient resistant to that treatment (Sackeim 2001).

used. This lead has four electrodes over a length of
10.5 mm, each spaced 1.5 mm apart. Intraoperative
X-ray was used in order to verify the correct position
of both electrodes (Schlaepfer et al. 2008b).

DBS treatment parameters

Initially, stimulation was applied with permanent
pulse-train stimulation from 2 to 4V in steps of 1 V.
Pulse width (90 ps), frequency (130 Hz) and elec-
trode settings (contacts 1 and 2 negative against
case) were kept constant. Those parameters were
chosen because of the experience with neurostimula-
tion for neurological disorders (Deuschl and Bain
2002; Deuschl et al. 2006). Stimulation parameters
were kept constant for 4 weeks in order to determine
not only acute effects but also changes over longer
periods of time, and then adjusted if necessary (e.g.,
no improvement in HDRS,,). Bilateral and symmet-
ric changes were performed in the following sequence:
amplitude, pulse width, selection of poles and
frequency. Parameters ranged from 1.5 to 10.0 V,
100-150 Hz and 60-210 us. Within the first 6
months after implantation, the two lowest of the four
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contact sites of each electrode were set negative
against the case (the lowest contact placed in the
shell of the NAcc, the other in its core). After approx-
imately half a year a frequent parameter setting was
all four contacts negative against the case (case
positive, contacts 0, 1, 2, 3 negative for both
electrodes).

Psychopharmacotherapy and psychotherapy were
kept constant where possible, at least throughout
the first 6 months and for most patients during the
whole year.

Assessment and study protocol

Neuropsychological assessment with standardized
tests was administered to 10 patients before implan-
tation and at 1 year of stimulation. Thirteen cogni-
tive tests were analyzed comparing baseline and
12 months data covering cognitive functions such as
learning and memory (verbal and visual-spatial as
well as working memory), attention, language, visual
perception, and executive functions. Standard neu-
ropsychological tests were clustered according to
the Compendium of Neuropsychological Tests and
described in detail elsewhere (Spreen 1991).
General cognitive functions were measured by the
Mini-Mental State Examination (MMSE) (Folstein
1990). Artention was assessed using the d2 attention-
burden test (d2 Aufmerksamkeits-Belastungstest) ana-
lyzing total performance (Brickenkamp 1962).
Learnming and memory tests covering verbal and visual
spatial learning and memory as well as working mem-
ory were applied. Specifically, the Verbal Learning and
Memory Test (VLMT) (Helmstaedter 2001) served
as a measure of declarative verbal memory. Total
learning over five trials (1-5) was analyzed as well as
delayed free recall and recognition (measured 30 min
after the learning phase). The Rey Visual Design
Learning Test (RVDLT; Rey 1964) was used to mea-
sure visual spatial learning and memory. Similar to
the VLMT, total learning over five trials (1-5), delayed
free recall and recognition were analyzed. Working
memory was tested by application of Wechsler Mem-
ory Scale including digit and visual memory span
(Haerting 2000), calculating total back- and forward.
Language was assessed by HAWIE lexis tests
(Wortschatztesty and HAWIE finding similarities
(Gemeinsamkeiten finden) (Tewes 1991). Executive
functions were evaluated by the Trail Making Tests
(TMT) A and B, the Five-Point Test, and the Stroop
test. The TMT consists of two subtests, with time for
completion analyzed separately (Reitan 1959). The
Five-Point Test examines the capacity for nonverbal
fluid and divergent thinking as well as creativity
(Regard 1982). Patients are asked to create as many
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different forms as possible by linking at least two out
of five points. The Stroop Color and Word Test con-
sists of three separate trials; the “word” trial requires
the subject to rapidly name color words, the “color”
trial requires naming of colored rows, and the “color-
word” trial requires naming the color in which a word
is written while ignoring the actual name of the word
(Baeumler 1985). The interference condition ana-
lyzed here examines cognitive inhibition of conflicting
information. Visual perception was measured by the
Hooper Visual Organization Test (VOT (Hooper
1958)) examining the ability for visual integration
of objects. Patients’ task lies in the identification of
30 objects represented in line drawings as puzzle pieces.

Neuropsychological assessment with these tests
was administered to patients before implantation
(baseline) and at 1, 6 and 12 months of stimulation,
analysis was performed comparing performance at
baseline and 12 months of stimulation.

Statistical analyses

SPSS statistical software, edition 17.0 for Windows
(2008) was used. Significance of change between base-
line and 1 year was analyzed via paired z-tests for each
neuropsychological test as recommended (Okun et al.
2007) in order to evaluate whether surgery and stimu-
lation lead to deterioration from baseline. Stepwise
regression analyses were calculated to examine the
influence of possible contributing variables on cogni-
tive changes. The influence of several predictor vari-
ables on the dependent variable change score (score at
baseline minus score at 1 year) for each test was inves-
tigated. The following predictor variables were included:
reduction of depressive symptroms (responder and non-
responder (50% reduction criterion) in 28-item
Hamilton rating scale for depression (also included as
continuous variable in calculations)), szmulation param-
eters (median split of average stimulation per day for
each patient within the first year of stimulation (multi-
plication of voltage, frequency and pulse width)), age
and gender. In order to assess the patients’ performance
relative to a healthy population, z scores were calcu-
lated based on comparison with published age-
corrected normative data. Performance resulting in a
z score below one standard deviation was interpreted as
below average, z scores of above one standard deviation
as above average. Analyses of Variance (ANOVA) for
repeated measures were calculated comparing z scores
at baseline and 1 year for different clusters of cognitive
functions. Different tests measuring the same cognitive
function according to the Compendium of Neuropsy-
chological Tests (Spreen 1991) were included in these
analyses (see Table II). For all explorative analyses level
of significance Pwas set at 0.05.The number of patients
analyzed for each test is presented in Table II.
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Results

Means, standard deviations, and results of two-tailed
paired ¢ tests over raw data as well as z scores are
presented in Table II. Results of ANOVA for repeated
measures calculated over z scores including tests mea-
suring the same cognitive function are also presented
in Table II as well as in Figure 1. Overall, paired z-tests
revealed significant changes over time in the direction
of improvement in the following cognitive domains:
attention (d2), learning and memory (verbal: VLMT
delayed free recall; visual spatial: RVDLT learning
and delayed free recall), executive functions (Five-
Point Test), and visual perception (VOT).

General cognmitive functions

MMSE measuring general cognitive functions did not
show any sign of impairment in our patients at base-
line and 1 year. Paired #-tests did not reveal a signifi-
cant difference between MMSE total at baseline
compared to 1 year within our patients (Table II).

Attention

Attention measured by the d2 significantly changed
over time (Table II). Patients showed improved
scores at 1 year compared to baseline. ANOVA for
repeated measures over 2z scores revealed significant
differences within the cognitive function attention
(Table II). Performance improved over time but
remained below average compared to normative data
(Figure 1).
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Learning and memory

For verbal learning and memory, significant changes
were found in the VLMT condition long duration
free recall. At 1 year patients recalled more words
compared to baseline, improving from below average
to average. VLMT total learning and recognition
scores improved over time but change was not sig-
nificant. The z scores were average at both time
points for total learning and recognition, improving
over time (Table II). Within visual spatial learning
and memory measured by the RVDLT we also found
significant changes. Patients improved between base-
line and 1 year in the subtests total learning and
delayed free recall. Within the subtest recognition
results remained constant. Compared to normative
data, performance in recognition decreased slightly
from close to below average to below average, and in
total learning patients were below average at baseline
but improved to average over time. No norms were
available for the condition RVDLT recall. Across the
sample, verbal and visual spatial learning and mem-
ory improved over time (see Table II). Working mem-
ory measured by Wechsler digit and visual memory
span (WMS) did not change significantly over time
and remained average (Table II).

Within learning and memory, ANOVA for repeated
measures over z scores revealed a significant main
effect directing to improvement (Table II). RVDLT
recognition was excluded in ANOVA since the sam-
ple size was<8 (in contrast to the other tests
included), as well as RVDLT recall because of the
lack of available norms. Performance in learning and

25
[l Baseline
2.0+ & 12 months
1.5+
b p<0.01 p<0.05 n.s. p<0.01 p<0.05

Z-Score Changes

25 I I

Attention

Learning and Memory Language

T I
Executive Function Visual Perception

Domains of Cognitive Function

Figure 1. Domains of cognitive function. The graph shows results of ANOVAs for repeated measures (12 months compared to baseline)
over z-transformed scores separate for different areas of cognitive functions according to the Compendium of Neuropsychological Tests
(Spreen 1991). Neuropsychological tests used are: attention (d2); learning and memory (VLMT (Verbal Learning and Memory Test),
RVDLT (Rey Visual Design Learning Test), Wechsler digit and visual memory span); language (HAWIE lexis test and finding similarities);
executive function (Five-Point Test, STROOP, Trail Making Test A and B); visual perception (VOT (Hooper Visual Organisation Test)).
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memory improved within the average level compared
to normative data (Figure 1).

Language

Language measured by HAWIE subtests “lexis test”
and “finding similarities” did not change significantly
over time (Table II). Within language tests ANOVA
for repeated measures over z scores did not reveal a
significant main effect (Table II). As presented in
Figure 1, scores in language tests improved within
the average level.

Executive function

Trail Making Tests (TMT) A and B did not show
significant differences between baseline and 1 year.
However, at a descriptive level, patients showed an
improved performance from below average at base-
line to average at 1 year within both tests (Table II).
Nonverbal fluency according to the Five-Point Test
did change significantly over time. Patients showed
an improvement from below average to average
within the Five-Point Test at 1 year compared to
baseline (Table II). Stroop interference did not
change significantly over time. However, at a descrip-
tive level again, patients performed better after 1 year
of treatment compared to baseline, remaining on an
average level.

ANOVA for repeated measures over 2z scores
within tests measuring executive function revealed a
significant main effect (Table II). Performance
improved over time as indicated by the =z scores.
Compared to normative data patients showed scores
below average at baseline improving to average at
1 year.

Visual perception

Paired z-tests revealed a significant effect within the
VOT in our patients. Patients showed improved
scores within visual perception measured by the
VOT at 1 year compared to baseline but remained
below average (Table II). ANOVA for repeated mea-
sures over z scores did reveal a significant main effect
(Table II). Performance improved within the average
level compared to normative data (Figure 1).

Stepwise regression analyses

In order to identify factors contributing to perfor-
mance changes in neuropsychological tests we con-
ducted stepwise regression analyses. The influence
of the predictor variables reduction of depressive symp-
toms, stmulation parameters, age and gender on the

dependant variable change score (score at baseline
minus score at 1 year) was investigated for each test.
With the exception of stimulation parameter, no sig-
nificant predictor variable for the change score in
each neuropsychological test was found. However,
stimulation parameter only became significant in the
Five-Point Test measuring nonverbal fluency. Step-
wise linear regression analyses revealed negative
partial regression weights for stimulation para-
meter (median split) predicting nonverbal fluency
(R?*=0.59; p=-0.80; t=-3.54; P= 0.009). Fifty-
nine percent of variance was explained through the
predictor stimulation parameter. The negative beta
weight shows that a higher stimulation parameter is
associated with lower change scores and thus with
better scores in nonverbal fluency. Therefore, a rela-
tively high stimulation was associated with better
performance in nonverbal fluency. Average change
scores and standard deviations depending on stimu-
lation parameter in the Five-Point Test are presented
in Figure 2. The predictor variable reduction of depres-
sive symptoms according to HDRS,; became signifi-
cant neither as a dichotomous variable (responder
vs. non-responder) nor as a continuous variable. All
in all, positive neuropsychological effects were inde-
pendent of a reduction of depressive symptoms and
stimulation parameters, as well as age and gender.

Discussion

The primary aim of this study was to longitudinally
assess cognitive functioning in 10 patients with
TRD and NAcc-DBS over a 12-month period. Most

10

-10- —l_
-—

—

Change of score between baseline and 12 months

lower higher

Figure 2. Change score in the Five-Point Test depending on
stimulation parameters. Shown are average change scores (baseline
minus 12 months) and standard deviations depending on stimulation
parameter (higher vs. lower) in the Five-Point Test; with a more
negative change score representing higher improvement in the test.
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importantly, we found no evidence for significant
deterioration in any cognitive test after 1 year of
NAcc-DBS compared to baseline, suggesting that
there is no acute or chronic cognitive decline follow-
ing NAcc-DBS. Our results are thus in line with
previous reports of absent deleterious effects of DBS
of Cg25 or the striatum in TRD patients (McNeely
et al. 2008). Ensuring high ethical standards also by
examining potential negative side effects from early
on with explorative statistical analyses is of great
importance to us (Kuhn et al. 2009; Schlaepfer
and Bewernick 2009; Schlaepfer and Fins 2010;
Synofzyk and Schlaepfer 2010).

Strikingly, our patients even exhibited substantial
cognitive improvement after 12 months of NAcc-
DBS, an effect, which encompassed the domains of
attention, learning and memory, executive functions,
and visual perception. Within executive functions,
performance improved from below average to aver-
age, whereas all other cognitive functions improved
within the average or below-average level. We found
a general trend towards improvement in cognitive
functions from below average to average levels, which
resembles the reversal of baseline deficits docu-
mented by McNeely et al. (2008) in patients with
TRD and Cg25-DBS. The observed change is clini-
cally significant according to the criteria defined
by Jacobson (1984). Therefore, in contrast to other
brain stimulation treatments such as ECT, which
were found to be associated with cognitive deteriora-
tion (Lisanby et al. 2000, 2003; Prudic 2008; Sack-
eim 2000), NAcc-DBS not only resulted in no
evidence for cognitive deterioration, but even in an
improvement of cognitive functions in our sample.
This is remarkable because stepwise regression anal-
yses did not reveal reductions of depression ratings
to significantly influence these positive cognitive
effects (in analogy to McNeely et al. 2008). Thus,
NAcc-DBS appears to affect cognition independent
of general symptomatic improvement. This suggests
that NAcc-DBS may trigger a cognition-enhancing
process independent of its antidepressant effects.
Our findings thus lend further support to the idea
that cognitive deficits in MDD represent a separate
group of symptoms of cortical-subcortical network
dysfunctions and are not merely secondary to low
mood (Marvel and Paradiso 2004). We therefore
speculate that cognitive deficits in MDD might be
directly susceptible to NAcc-DBS.

Stimulation parameter was the only variable that
predicted test outcome. Specifically, higher stimula-
tion parameters were associated with better perfor-
mance on a test of executive functions. In contrast
to previous studies of patients with Parkinson’s dis-
ease and STN-DBS (Woods et al. 2003), stimulation
parameter was not predictive of cognitive deterioration.
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Consistent with our findings, Francel et al. (2004)
reported higher stimulation parameters to be cor-
related with better results in problem-solving abili-
ties of patients with Parkinson’s disease and
STN-DBS. However, further research is needed to
further examine this effect. Borders of stimulation
intensity are taken very seriously and highest ampli-
tude used is 10 V. “Higher stimulation intensity” in
these analyses needs to be understood as higher
referring to median split. In contrast to other studies,
however, we found no influence of age or gender on
neuropsychological changes (Morrison et al. 2000;
Trepanier et al. 2000; Alegret et al. 2001; Francel
et al. 2004). This result is in line with recent gender
research underscoring similar cognitive performance
across sexes. Thus, positive neuropsychological
effects in our study were independent of a reduction
of depressive symptoms and stimulation parameters,
as well as age and gender.

The neurobiological mechanisms underlying the
putative procognitive effects of NAcc-DBS remain
to be elucidated. As stated before, the NAcc is both
directly and indirectly connected to multiple brain
regions centrally involved in cognitive functioning.
Previously published analyses of PET data of seven
patients demonstrated the following areas of signifi-
cant metabolic change: decreases in prefrontal sub-
regions (including the orbital prefrontal cortex,
OFC), subgenual cingulate region (SGC), posterior
cingulate cortex, thalamus, and caudate nucleus, and
an isolated increase in the precentral gyrus (Bewer-
nick et al. 2010). Distributed changes in metabolic
activity across cortical and subcortical areas support
the idea that NAcc-DBS triggers neuronal activity
changes that might be associated with cognitive
improvement (Bewernick et al. 2010). Specifically,
areas of significant metabolic change encompassed
decreases across a widely distributed cortical and
subcortical network, a dysfunction of which is
thought to be central to the pathophysiology of
MDD (Bewernick et al. 2010). Our PET data
obtained from seven patients are thus in accordance
with our formerly described hypothesis that NAcc-
DBS might lead to a decrease of disease-related
hypermetabolism by lowering abnormal over-activity
in these regions (Schlaepfer et al. 2008b; Bewernick
et al. 2010). In contrast to earlier findings (Mayberg
et al. 2005; McNeely et al. 2008) there might be
decreases in activity instead of increases that are
associated with positive cognitive changes. This
might in part be due to different targets stimulated.
These findings strongly support the idea (Rauch
et al. 2006) that cortical-thalamic-striatal-cortical
circuitry is modulated by DBS. We note that areas
of significant metabolic change in our patient sample
are related to several cognitive functions that appear
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to benefit from NAcc-DBS: Learning and memory
has been found to engage posterior cingulate cortex
and caudate nucleus (Graybiel 2005), whereas the
OFC is involved in executive functions (Bechara
et al. 1994; Kringelbach 2005). In addition, there is
evidence for an influence of caudate nucleus (Abdul-
laev et al. 1998) and precentral gyrus (Hirsch et al.
2001) on language. Attention has been reported to
engage the SGC (Liotti and Mayberg 2001; Rolls
et al. 2003; Hamani et al. 2008), precentral gyrus
(Hirsch et al. 2001), caudate nucleus (Abdullaev
et al. 1998), and thalamus (Steriade and Llinas
1988).These widespread cognitive-enhancing effects
of NAcc-DBS are compatible with current concepts
that specific sets of brain areas are transiently bound
together as functional units to enable cognitive functions
(Hirsch et al. 2001).

Limitations

Some limitations of our results need to be considered:
Until now there is only a small sample size we can
report on, although this is also the case for all other
studies in this emerging field. Analyses were explor-
ative striving to examine whether there are changes
in cognitive performance. A larger sample size will
be assessed to further inquire neuropsychological
effects as well as possible contributing variables
(such as stimulation parameters).

A further difficulty lies in creating the variable
stimulation intensity in a way that is the best approach
to real stimulation. Stimulation intensity as mea-
sured in our analyses is much more realistic than
calculations including just amplitude as done in
other DBS studies. Thus our complex variable is up
to now the best available approach to stimulation
intensity. Impedance might be an important factor
for future analyses.

Theoretically, a withdrawal of pharmacological
treatment would have been preferable. However,
such a withdrawal was not feasible, but for most
patients medications were held constant. In this con-
text we note that (Paradiso et al. 1997) no effect of
chronic medication on psychomotor and cognitive
abilities was found. Furthermore, increasing evi-
dence indicates that there is no sedative effect of
antidepressant drugs on cognitive functions when
patients have been on a chronic medication regimen
(Amado 1995; Veldhuijzen et al. 2006).

Another limitation is that we did not include a
control group, which raises the question whether the
observed cognitive effects could be only due to learn-
ing along with repeated test administration. Practice
effects could be a potential limitation because neu-
ropsychological tests were applied at several time

points within NAcc-DBS treatment. However, there
are a few important aspects speaking against this:
first, we did not find improvement in all neuropsy-
chological tests, but instead only in certain domains.
Benefits from practice should be seen to some degree
in every test if repeated testing resulted necessarily
in practice effects (Parsons et al. 2006b). Second,
the majority of neuropsychological tests did not
demonstrate significant practice effects when test-
retest interval is of sufficient duration, meaning
approximately six months (Dodrill and Troupin
1975; Sarazin 1993; Kaufman 1994; Dikmen et al.
1999; McCaffrey 2000). Thus, we assume that time
frames between neuropsychological testing proce-
dures in our study were long enough to render prac-
tice effects unlikely. Third, we used alternate forms
of tests where available reducing the probability
of practice effects (Benedict and Zgaljardic 1998;
Dikmen et al. 1999; McCaffrey 2000). Importantly,
those tests, which included alternate forms, over-
lapped with some of the tests (e.g., VLMT) in which
cognitive improvement was demonstrated. We also
chose tests constructed in a way to minimize practice
effects (e.g., avoided measures where novelty is a
substantial part of problem-solving tasks) (Dikmen
et al. 1999). Furthermore, tests applied in our bat-
tery measuring functions such as language, working
memory, motor skills, executive functions, and atten-
tion were found to have negligible practice effects
(Dikmen et al. 1999; Wilson et al. 2000; Sackeim
2001; Sackeim et al. 2001).

Finally, certain participant characteristics have
been found to be a factor potentially advancing the
incidence of practice effects. According to Dikmen
et al. (1999), younger participants (<39 years) and
cognitively more able people (as indicated by better
baseline performance) tend to benefit more from
practice. Thus, in our sample consisting of relatively
older patients (see Table I) who had baseline perfor-
mance below average for most neuropsychological
tests, we assume that practice effects did not have
confounding effects. The possibility of a contribution
of practice effects on improved performance in some
neuropsychological tests cannot be ruled out, how-
ever, due to the stated reasons we assume that their
influence is negligible. It therefore is unlikely that
learning effects alone explain our findings.

Conclusion

NAcc-DBS did not lead to cognitive deterioration in
10 patients suffering from TRD. These results provide
strong support for the cognitive safety of NAcc-DBS.
Moreover, unchanged or even improved performance
was found on the majority of neuropsychological tests.
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Surprisingly, we found significant improvement in
several cognitive domains including attention, learning
and memory, visual perception and executive func-
tions. Interestingly enough, significant procognitive
effects occurred independently of a reduction of depres-
sive symptoms and changes in stimulation parameters.
Thus, NAcc-DBS might have an independent aug-
menting effect on cognition. The question is whether
DBS-targeted neuromodulation to circuits processing
cognitive functions could be beneficial in other neuro-
psychological disorders with marked cognitive dysfunc-
tion. Future research is needed to validate the effect in
a larger sample size as well as to further investigate the
underlying mechanism leading to such an improvement
of cognitive functions following NAcc-DBS.
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