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ORIGINAL COMMUNICATION

Thalamic stimulation for tremor

Subtle changes in episodic memory
are related to stimulation per se
and not to a microthalamotomy effect

Abstract The aim of this study
was to investigate the impact of
unilateral deep brain stimulation
(DBS) of the ventrointermediate
(Vim) thalamic nucleus on neu-
ropsychological functioning com-
paring stimulation-on with stimu-
lation-off conditions. Nine patients
[five patients with Parkinson’s
Disease (PD), two patients with es-
sential tremor (ET) and 2 patients
with multiple sclerosis (MS)] un-
derwent comprehensive neuropsy-
chological testing for cognitive
functions, including general mental
impairment, aphasia, agnosia, exec-
utive and constructional abilities,
learning, memory, cognitive pro-
cessing speed and attention as well
as depression. The neuropsycho-
logical assessments were per-
formed at least 6 months postoper-
atively (mean 9 months). Testing in
the stimulation-on and stimula-
tion-off condition was obtained
within a period of 3 to 4 weeks.

Unilateral DBS resulted in im-
provement of tremor in all pa-
tients. There were no significant
differences between the stimula-
tion-on and the stimulation-off
condition with the exception of a
decrement of word-recall in the
short delay free-recall subtest of
the Rey Auditory-Verbal Learning
Test (RAVLT). Subgroup analysis
indicated that the impairment in
word-recall was related to left-
sided thalamic stimulation. Our
study confirms that chronic unilat-
eral DBS is a safe method with re-
gard to cognitive function. The
subtle changes in episodic memory
are related to stimulation per se
and not to a microthalamotomy ef-
fect.
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studies have investigated neurobehavioral functioning
in patients with thalamic DBS [1,12-16].In general, only
subtle changes of cognition were reported. Postopera-
tive assessments were usually performed under stimula-
tion-on conditions leaving the question open whether
these changes were secondary to a microthalamotomy
effect or whether they were related to stimulation per se.
To our knowledge, only two case reports were published
investigating this issue, yielding inconsistent results
with regard to the direct effects of stimulation on lan-
guage and memory [15, 16]. Thus, the present study was

Introduction

Functional stereotactic surgery is now well established
for treatment of medically intractable tremor in Parkin-
son’s disease (PD) and essential tremor (ET) [1,2]. Thal-
amic deep brain stimulation (DBS) nowadays is consid-
ered an accepted alternative to radiofrequency lesioning
given its reversibility and the option to optimize stimu-
lation settings [3-9]. Long-term control of tremor is
achieved both in PD and in ET [1, 10, 11]. Only a few
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designed to evaluate neurobehavioral functioning in a
larger sample of patients with chronic thalamic DBS
while on and while off stimulation at least 6 months af-
ter surgery.

Patients and methods

Patients

Nine patients who achieved successful control of their medically re-
fractory tremor after unilateral chronic thalamic ventrointermediate
(Vim) DBS were included in the present study. Patients gave their in-
formed consent prior to their inclusion in the study. In all patients,
tremor had been the predominant symptom. There were five men and
four women. Their mean age at surgery was 71.4 years (range 48-81).
Tremor was related to PD in five patients, to ET in two patients, and
to multiple sclerosis (MS) in two patients. All patients were right-
handed for writing. No patient had undergone thalamotomy or other
neurosurgical procedures before. Implantation was performed on the
left side in six patients and on the right side in the three others.

Neurosurgical procedure

Principles and techniques of the surgical procedure have been de-
scribed in detail elsewhere [7,17,18].In brief, the two successive steps
of the procedure were performed in the same operative session. First,
a quadripolar DBS electrode (3387, Medtronic Inc., Minneapolis, MN)
was implanted into the Vim nucleus under CT-stereotactic guidance
under local anesthesia. The tentative target in the Vim was deter-
mined at 12-14 mm lateral to the midline, 3-4 mm behind the mid-
commissural point, and 1mm below the intercommissural line.
Thresholds for both arrest of tremor and evoked motor and sensory
responses were examined to further refine the target.In a second step,
the implantable pulse generator (IPG; Itrel II, Medtronic Inc., Min-
neapolis, MN) was placed in a subcutaneous pouch below the clavicle
under general anesthesia. Postoperatively, all patients had 1 mm axial
CT to rule out hemorrhage and to confirm correct placement of the
electrodes. The first programming of the IPG was done within 24
hours after the operation, and stimulation settings were adjusted on
follow-up visits to achieve optimal tremor control.

Clinical evaluation

All patients were included in a prospective study protocol and un-
derwent standardized clinical evaluations pre- and postoperatively
[7]. Motor evaluations included the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) and a modified tremor scale on and off medica-
tion [19, 20]. In order to allow comparison of patients with different
tremors, global improvement of tremor was rated as excellent (> 90 %
improvement), marked (70-90%), moderate (30-70%) and
minor/poor (0-30% improvement, unchanged or worse).

Neuropsychological evaluations at a mean of 9 months after
surgery (range 6-13) were performed during two separate visits
within 3-4 weeks (mean, 3.7) while the IPGs were either on or off. Five
patients first underwent the stimulation-on testing, whereas the other
four patients first had the stimulation-off tests. Patients were tested
after having taken their usual medication, i. e. in the on-medication
condition in PD patients.

Neuropsychological assessment

A comprehensive neuropsychological test battery was administered.
With respect to the mean age of the study sample, the tests used were

primarily selected on the basis [1] that normative data for elderly
healthy subjects were available, and [2] that the test battery should not
take longer than 1 hour. Most of the tests were adapted from ,,The
Consortium to Establish a Registry for Alzheimer’s Disease”
(CERAD) neuropsychological test battery [21] in the Swiss-German
adaptation of Thalmann [22]. The majority of the tests used were se-
lected to measure six aspects of neuropsychological function, as sum-
marized below. For a more detailed description and further refer-
ences of the tests used in this study, see Morris [21] and Spreen and
Strauss [23].

The neuropsychological examination was administered by a neu-
ropsychologist (K.G.) who was blinded with regard to whether the
stimulator was on or off. Form A of the RAVLT was always adminis-
tered in session 1, form B always in session 2. Because all other tests
used have only one version, the same tests were repeated in the stim-
ulation-on and stimulation-off examination.

Screening for general mental impairment, aphasia and agnosia

To screen for general mental impairment the Mini-Mental State Ex-
amination (MMSE) was used. Tests used to screen for aphasia and ag-
nosia included the modified Boston Naming Test of the CERAD and
the Agnosia Screening Task of Schnider [24]. The MMSE is a well
known brief general cognitive battery that measures orientation, im-
mediate and delayed memory, concentration, language, and praxis
[25]. In the Boston Naming Test subjects are asked to name 15 object
drawings. In the Agnosia Screening Task, 11 items of overlapping fig-
ures, silhouettes and incomplete drawings or letters are presented to
patients for recognition.

Executive Abilities

Tests utilized to measure executive functions included the Stroop Test
[26,27], the Verbal fluency Task of the CERAD and a Go/nogo Test of
the Test Battery for Assessing Attentional Disorders (TAP) of Zim-
mermann and Fimm [28]. All these tests are sensitive to frontal lobe
disorders. The Stroop Test consists of three parts. In part I, patients
must name as quickly as possible the color of 24 dots printed in blue,
green, red or yellow. Part IT is similar to part I, except that the dots are
replaced by common words (“when”,“hard”,“over”). The patients are
required to name the colors in which the stimuli are printed, and dis-
regard their verbal content. Part III is similar to part I and II, but here
the colored stimuli are the color names “blue”, “green”, “red”, “yel-
low”, so that the print color never corresponds to the color name. In
the Verbal Fluency Task patients are asked to produce orally as many
animal names as possible in one minute. In the Go/nogo Test of the
TAP one of two stimuli (a cross or an oblique cross) are presented on
a computer screen, one of which is critical and has to be responded by
pressing a key.

Constructional Abilities

To test constructional abilities the subtest Constructional Praxis of
the CERAD was administered. In this test, four line drawings of fig-
ures of increasing complexity (a circle, a diamond, two intersecting
rectangles, and a cube) are presented to the patients for copying.

Learning and Memory

Tests to assess learning and memory included the Rey Auditory-Ver-
bal Learning Test (RAVLT) and the subtest Recall of Constructional
Praxis of the CERAD [23]. In the RAVLT, 15 nouns (List A) are read
aloud for five consecutive trials (trials A1-A5) to patients, each trial
followed by a free-recall test. Upon completion of trial A5, an inter-
ference list of 15 words (list B) is presented, followed by a free-recall
test on that list. Inmediately following this, again recall of the first list
(short delay free-recall) is tested without further presentation of
those words (trial A6). After a 20-minute delay period (long delay
free-recall) each patient is again required to recall words from list A



(trial A7). Finally, recognition is tested where the patient must iden-
tify list A words from a list of 50 words containing all items from list
A and B and 20 words semantically similar to those in lists A and B.
For this study two alternate forms (form A and B) similar to that pub-
lished in Spreen and Strauss were used [23]. In the subtest Recall of
Constructional Praxis, delayed-recall for the four line drawings of
Constructional Praxis is tested.

Cognitive Processing Speed and Attention

To test cognitive processing speed and attention, the subtest Alertness
of the TAP was used. This test includes a simple and cued reaction
time task (pressing a key) with a visual test stimulus and an acoustic
cue. The test consists of 4 trials with 20 presentations each in an
ABBA-design (A =without cue; B=with cue). The simple reaction
time has been shown to be a valid measure of phasical alertness [28].

Depression

To screen for depression, patients were given the Beck Depression In-
ventory (BDI) [29]. In this test the patient checks 21 four-choice self-
report statements for the choice most appropriate to him or her. The
statements refer to areas like sadness, guilt, suicidal ideation, insom-
nia etc.

Statistical analysis

Descriptive statistics were calculated using SPSS for Windows soft-
ware. Due to the sample size non-parametric Wilcoxon tests were
computed to compare stimulation-on and stimulation-off scores [30].
Separate statistical analyses were performed for the total group of pa-
tients (n=9), and for subgroups according to the side of stimulation.
To test, whether one of the two subgroups were more severely dis-
turbed, separate Mann-Whitney-U-Tests were performed. A P-value
of <0.05 was considered to indicate statistical significance.

Results
Operative morbidity and symptomatic outcome

There were no intraoperative complications. Postopera-
tively, one patient had a seizure and subsequently a mild
hemiparesis on the right side which was completely re-
solved within 3 weeks postoperatively. At the postopera-
tive assessment under stimulation-on conditions all pa-
tients had useful improvement of their tremors. The
improvement was classified as excellent in five patients,
marked in two patients and moderate in two other pa-
tients. PD patients presented with a significant improve-
ment in the UPDRS subscores for contralateral tremor.
More details on outcome have been published elsewhere

[7].

Neurobehavioral functioning in the stimulation-off
and the stimulation-on condition

The patients’ mean scores during stimulation-off and
stimulation-on conditions as compared with normative
data of elderly subjects are shown in Table 1. Patients had
impairments in frontal lobe tests, constructional praxis
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and cognitive processing speed which were below two
standard deviations of the means of the normative data
(age 70 +). This was evident both for the stimulation-on
scores and for the stimulation-off scores. There was only
one significant difference when the stimulation-on con-
dition was compared with the stimulation-off condition.
In the stimulation-off examination patients could signif-
icantly recall more words in the short delay free-recall
condition of the RAVLT (M =5.3) than in the stimula-
tion-on (= 3.4) examination (p =0.04). A trend was also
found for the long delay free-recall condition of the
RAVLT which, however, did not reach statistical signifi-
cance. Patients in the stimulation-off examination
(M =4.0) recalled more words than in the stimulation-on
(M =2.8) examination (p = 0.08).All other statistical tests
were non-significant. The subgroup analyses of patients
with stimulation either on theleft side or right side (Table
2) revealed that the observed difference in the short de-
lay free-recall condition was related to left-sided stimu-
lation. Furthermore, altered simple reaction times dur-
ing stimulation were found in patients with left-sided
stimulation.In the right-sided stimulation group none of
the comparisons reached statistical significance. These
results were not due to the fact that the left-sided stimu-
lation group was generally more severely disturbed than
the right group, since all statistical comparisons between
the groups (Mann-Whitney-U-Tests) in the stimulation-
off examination were non-significant.

Discussion

Thalamic DBS in tremor patients is associated with only
mild changes in neurobehavioral functioning. Our eval-
uation is the first study on a group of tremor patients
undergoing Vim thalamic DBS that differentiates neu-
robehavioral functioning with and without stimulation
during chronic DBS. The most remarkable finding was a
significant deterioration on the short delay free-recall of
a verbal memory test (RAVLT) when the stimulator was
on. This subtle change in episodic memory is a stimula-
tion effect per se and shows that Vim DBS may have a
mild impact on memory performance. It is associated
with left-sided, but not with right-sided stimulation.
One limitation of the present study is the relatively small
number of patients. It would be useful to confirm the
present findings, in particular with regard to lateralisa-
tion of the effect in a larger and more homogeneous
group of patients. Further evaluations could also include
comparison of preoperative assessments with the stim-
ulation-off condition.

The distinct impairment in frontal lobe tests, con-
structional praxis and cognitive processing speed in our
patients were observed both under stimulation-on and
stimulation-off conditions. These deficits were most ev-
ident in the PD patients subgroup. Such deficits in ad-
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Table1 Normative data (age 70 +) and mean per-

: Normative-Data  Stimulation-on  Stimulation-off ~ Statistics®
formance jevels L 50) ofthe 9 patients whounder ¢ cionTest Mean(SD)  Mean(SD)  Mean(SD)  p
General mental impairment,
aphasia and agnosia
o Mini Mental State (max. 30) 28.9(1.2) 27.2(2.5) 26.5(1.7) 0.38
o Boston Naming Test (max. 15) 14.0(1.1) 12.6 (0.7) 12.8 (1.4) 0.44
e Agnosia Screening Task (max. 11) n.a‘ 10.0 (1.3) 10.0 (2.0) 1.00
Executive Abilities
o Stroop Test (part IIl)
— Time (s.) 39.6 (13.3) 51.0(21.5) 61.6 (20.7) 0.12
— Errors 0.75(1.15) 3.7¢(4.1) 3.94(4.1) 0.83
e Word Fluency 21.3(5.5) 10.34(3.3) 9.74(2.8) 0.39
e (Go/nogo
— Time (ms.) 387 (76) 424 (111) 435(112) 0.87
— Errors 2.0(0.5) 4.89(4.9) 3.04(3.3) 0.10
Constructional Abilities
e Constructional Praxis (max. 11) 10.4(0.9) 6.4%(3.8) 4.74(3.9) 0.17
Learning and Memory
o Rey Auditory-Verbal Learning Test®
— Total ListA 326 (8.3) 27.9 (6.5) 29.1(5.1) 0.29
— Short Delay Free Recall (Trial A6) 6.4(1.7) 34(3.2) 53(2.1) 0.04
— Long Delay Free Recall (Trial A7) 5.6 (2.6) 2.8(3.1) 4,0(3.1) 0.08
— Recognition 11.5 (2.6) 12.3(1.7) 12.2(2.4) 0.89
e Delayed Recall of Constructional 8.9(2.2) 4.64(2.7) 4.74(3.1) 0.89
Praxis
Processing Speed and Attention
e Alertness
— without cue (ms.) 233 (39) 3494 (180) 4164 (153) 0.13
- with cue (ms.) 219 (38) 2949 (138) 3694 (168) 0.50
— Phasic Alertness 0.05 (0.25) 0.12(0.31) 0.12(0.19) 1.00
Depression
o Beck Depression Inventory 6.5(5.2) 6.2(3.9) 5.6 (4.9) 0.62

2 For description of tests and normative data see Neuropsychological Assessment; ® Wilcoxon Tests (stimulation-
on and stimulation-off scores compared); ¢ Normative data not available; ¢ Below 2 SDs of the mean of normative
data; ¢ Normative data for men, age 70 + (Table 10-17 from Spreen and Strauss [24])

vanced PD are well known, especially in frontal lobe
tests, and are due to dysfunction of frontal-subcortical
circuits [31-34].

The results of our study that thalamic DBS has only
little impact on overall cognitive functioning are gener-
ally in line with previous studies that compared patients’
performance prior to surgery and postoperatively dur-
ing stimulation-on [1, 12-16]. Data on the effects of
stimulation on language and memory function, how-
ever, are conflicting. In a series of 40 patients with ET
Troster and colleagues reported statistically significant
amelioration of delayed word list recognition, and prose
recall 3 months after surgery [13]. The only significant
impairment they found was a deterioration on a verbal
fluency test. In a more recent study of nine PD patients
undergoing unilateral Vim DBS Woods and colleagues
found significant improvements in immediate memory
for prose, delayed word list recall, and conceptualisation
1 year after surgery [14]. Regarding verbal fluency, three
studies showed postoperative deterioration [1, 12, 13],
while other studies reported improvements [14-16].

The impairment of immediate recall during stimula-

tion found in our study is in accordance with the change
in verbal memory function referred in a case report of a
PD patient undergoing neuropsychological testing un-
der comparable conditions. In this case, improvement of
semantic verbal fluency and visual confrontation nam-
ing was found, but stimulation interfered with immedi-
ate verbal list recall [15]. Based on these observations the
authors hypothesized that thalamic stimulation focuses
attention on the external environment while blocking
activation of internalised information. Neuropsycholog-
ical testing in another case study of a patient with bilat-
eral Vim DBS for ET reported an improvement in de-
layed word list recall with stimulation compared with
when the stimulators were turned off [16]. The authors
speculated that bilateral Vim DBS somehow might facil-
itate verbal retrieval processes.

The effect we have observed regarding laterality of
stimulation is in accordance with laterality-specific
changes reported earlier [1, 13]. Benabid and colleagues
found a slightly lateralized decrease in performance flu-
ency, especially affecting verbal performance, when the
left Vim nucleus was stimulated, and affecting spatial



Table2 Mean performance levels (+ SD) in the two subgroups of patients with unilateral Vim DBS on the left or right side

m

Stimulation on the left side (n = 6)

Stimulation on the right side (n = 3)

On off Statistics® On off Statistics®
Function/Test? Mean (SD) Mean (SD) p Mean (SD) Mean (SD) p
General mental impairment, aphasia and agnosia
e Mini Mental State (max. 30) 26.3(2.4) 26.1(1.8) 0.70 29.0(1.7) 27.0(1.7) 0.11
o Boston Naming Test (max. 15) 12.5(0.8) 13.0(1.4) 0.40 12.7(1.7) 12.7 (1.5) 1.00
e Agnosia Screening Task (max. 11) 10.0 (1.5) 9.6 (2.4) 0.41 10.0 (1.0) 10.7 (0.6) 0.32
Executive Abilities
e Stroop Test (part IIl)
— Time (s.) 52.2(23.6) 65.5 (24.8) 0.14 48.7(21.1) 53.7 (6.1) 0.60
— Errors 2.2(0.9) 3.8(2.8) 0.14 6.7 (6.6) 4.0(6.9) 0.11
e Word Fluency 10.0 (4.0) 9.8(23) 0.89 11.0(1.0) 9.3(23) 0.18
e Go/nogo
— Time (ms.) 426 (57) 475 (117) 0.50 700 (126) 547 (109) 0.18
— Errors 6.0(5.3) 3.6(3.7) 0.13 1.6 (2.0) 1.5(0.7) 0.66
Constructional Abilities
o Constructional Praxis (max. 11) 5.7 (4.5) 3.5(4.0) 0.28 8.0(1.0) 7.0 (2.6) 0.42
Learning and Memory
o Rey Auditory-Verbal Learning Test
— Total List A 26.0 (2.0) 27.5(6.5) 0.28 31.6 (11.1) 323(74) 0.78
— Short Delay Free Recall (Trial A6) 2.1(2.3) 45(3.2) 0.05 6.0 (3.6) 7.0(1.7) 0.42
— Long Delay Free Recall (Trial A7) 1.7 (2.9) 3.0(3.1) 0.09 5.0 (2.6) 6.0 (2.6) 0.09
— Recognition 12.2(2.0) 12.2(1.7) 0.91 12.7 (0.6) 12.3(1.5) 0.66
o Delayed Recall of Constructional Praxis 4.8(2.6) 6.3(3.1) 0.18 4.0(3.0) 3.0(2.6) 0.42
Processing Speed and Attention
o Alertness
— without cue (ms.) 312(78) 435(173) 0.04 556 (189) 507 (113) 0.16
— with cue (ms.) 280 (105) 413 (192) 0.23 479 (98) 398 (146) 0.18
— Phasic Alertness 0.09 (0.36) 0.06 (0.17)  0.68 0.12(0.15) 0.27(0.17)  0.66
Depression
o Beck Depression Inventory 4.8(3.5) 3.6(3.4) 0.62 9.0 (3.6) 9.6 (5.5) 0.79

2 For description of tests see Neuropsychological Assessment; ® Wilcoxon Tests (stimulation-on and stimulation-off scores compared)

performance, when stimulation was on the right side
[1].Laterality-specific changes in language and memory
have also been demonstrated during intraoperative
stimulation studies when performing thalamotomies.
Ojemann noted that stimulation of the ventrolateral
(VL) thalamus affected speech mechanisms in 9 out of
45 patients [35]. This effect was observed, however, only
on the left side. Ojemann’s group also demonstrated that
intraoperative VL thalamic stimulation on the left but
not on the right side significantly affected verbal mem-
ory [35-37]. Recently, Wester and Hugdahl confirmed
these observations [38, 39].

The anatomical coordinates which we have used for
the Vim are in agreement with the topography of the
Vim as depicted in the axial cuts in the Schaltenbrand-
Wahren stereotactic atlas [40]. According to the coronal
and sagittal Schaltenbrand-Wahren cuts they approxi-
mate to the so-called Vim-Vop border zone. We did not
intend to target the Vop (ventrooralis posterior). There
has been some controversy regarding the subdivision of
the ventrolateral thalamus into the ventrooralis anterior
and the ventrooralis posterior. Jones, recently, claimed
that Hassler’s Vop is a “factitious construct” [41]. Ac-

cording to the nomenclature elaborated by Jones “the re-
gion identified as Vop by Hassler is clearly the region in
which islands and fingers of cells proper to VLa (Voa)
and VLp (Vim) interdigitate”. Jones also states that “Vop
has no standing as an independent nucleus and an
equivalent name in monkey and human is not called
for”.

Since the functional effects of DBS on neuronal sub-
strates are still poorly understood, one can only specu-
late on the mechanisms underlying the effect of thala-
mic DBS on cognitive functioning [1,42]. In view of the
concept of segregation and parallel processing of multi-
ple motor and nonmotor loops in the corticobasal gan-
glionic-thalamic-cortical circuitry, cognitive changes
may be due to unspecific stimulation of nonmotor cir-
cuits. In accordance with this hypothesis, Ceballos-Bau-
man and colleagues showed in a recent PET study on 6
patients undergoing left-sided chronic Vim DBS for ET
that there is, apart from regional cerebral blood flow
(rCBF) changes in motor areas, also activation of non-
motor areas, such as the cingulate area and the gyrus
frontalis inferior [43]. Furthermore, electrophysiologi-
cal studies suggest direct involvement of the thalamus in
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verbal memory processes. Extracellular microelectrode
recording investigations have shown specific responses
of neuronal subpopulations in the thalamic Vop and in
the zona incerta during intraoperative memory testings
[44].

Thalamic surgery leads to effective long-term control
of tremor both in PD and in ET patients [1, 7,9, 10, 11].
Regarding the limited effect of thalamic surgery on
rigidity and bradykinesia in PD, as compared with pal-
lidal and STN surgery, there has been a substantial re-
duction of thalamic surgery in PD in the past few years.
Itis anticipated that even fewer PD patients will undergo

thalamic surgery in the future [45]. Thalamic Vim stim-
ulation, however, will remain an important therapeutic
option for ET and for other patients with medically-in-
tractable tremors.

In conclusion, our data show that Vim DBS is a rela-
tively safe treatment from a neuropsychological stand-
point. The significant but subtle change in episodic
memory is due to stimulation per se and not a mi-
crothalamotomy effect.

Disclosure Joachim K. Krauss is a consultant to Medtronic, Inc.
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