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A B STRA CT 

Cognitive Effects o f  Subthalamic N ucleus 

Deep Brain S tim ulation in Parkinson’s D isease 

by

CHRISTINA E. M ORRISON 

Advisor: Professor Joan C. Borod. Ph.D.. A.B.P.P.

The cognitive effects of subthalam ic nucleus (STN) stim ulation have been 

investigated, how ever, there are no reported studies that evaluate, by incorporating a 

Jem ographically  and clinically matched disease control group, w hether 

neuropsychological performance in surgical patients changes beyond the variability o f the 

assessm ent m easures. To address this issue. 17 Parkinson's disease (PD) patients 

( D BSPD ) were tested before and 3.3 m onths (on average) after bilateral STN stim ulator 

im plantation, both on and off stim ulation. Eleven dem ographically and clinically 

m atched PD controls (CPD) were adm inistered the same repeatable neuropsychological 

test battery tw ice (M orrison et al, 2000), separated by 2.4 m onths, w ith no surgical 

intervention during the interval. The standardized test scores w ere grouped by cognitive 

dom ain (i.e.. A ttention. Language. V isuospatiai. Verbal Learning, Delayed Recall. 

Recognition M em ory, and Executive), and composite scores for each dom ain were 

calculated. D epression was also evaluated. The primary analyses included two-way 

m ixed M A N O V A s (2x2) for the com posite scores and for the variables w ithin each 

cognitive dom ain to evaluate the individual effects o f electrode im plantation (Surgery
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Com parison), high frequency STN stim ulation (Stim ulation Com parison), and the overall 

effects o f  the DBS procedure I Procedure C om parison). Secondary analyses evaluated the 

univariate Subject Group by Condition interaction for each variable in each com parison.

Relative to change seen in the control group across conditions, the surgery for 

bilateral electrode implantation adversely affected attention and concentration, and 

tended r n  negatively affect verhal learning, nam ing, and verbal fluency. STN stim ulation 

had little effect on cognition, although there was the suggestion that it may have 

im proved attention somewhat. The STN DBS procedure as a whole tended to result in 

mild decline in mental tracking, verbal learning, delayed verbal recall, and verbal 

fluency. Overall, there were no surgery, stim ulation, or procedure effects on the 

depression scale scores. In contrast to these group findings, one DBS patient 

dem onstrated significant cognitive decline follow ing surgery such that he was not 

testable with stimulation-off but was able to com plete most o f the battery with 

stim ulation-on. In conclusion, although most subjects experienced only minimal 

cognitive declines in isolated aspects of cognitive functioning following the STN DBS 

procedure, on rare occasions, some patients m ay develop more significant im pairm ent.
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INTRODUCTION

Patients w ith severe motor sym ptom s secondary to Parkinson 's Disease have a 

choice o f  several surgical procedures that may reduce or even relieve their sym ptom s 

when they are no longer gaining sufficient medical benefit from antiparkinsonian 

medications. T hese include ablative procedures o f thalamic and basal ganglia nuclei, and. 

more recently, chronic high frequency deep brain stim ulation (DBS). Chronic DBS o f  the 

ventral interm ediate (VIM) nucleus o f  the thalamus, subthalam ic nucleus (STN ). or the 

internal segm ent o f  the globus pallidus (GPi) via permanently implanted electrodes is one 

o f the more recently explored surgical treatments. The DBS procedure has been found to 

successfully relieve or reduce parkinsonian symptoms, as well as abnorm al m otor 

fluctuations secondary to prolonged intake o f anti-parkinsonian m edications, such as 

levodopa. Thus far. the neuropsychological ramifications o f this procedure have only 

been investigated to a very limited extent. Those data that are available have not always 

yielded consistent findings. Therefore, the present study attempts to broaden our 

understanding o f  the cognitive effects o f  the STN deep brain stim ulation procedure in 

Parkinson's disease patients.

I. Parkinson’s Disease

A. Sym ptom s and Pathophysiology

Park inson 's disease (PD) is a progressive degenerative akinetic m ovem ent 

disorder characterized by tremor, rigidity, bradvkinesia/akinesia. and postural instability 

(Jankovic. 1992), though not all patients develop all o f  these cardinal sym ptom s. This 

disease results prim arily from a loss o f  dopaminergic cells in the substantia n igra  (SN)
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(H om ykiew icz, 1966). Initially, this loss occurs largely in the ventral lateral aspect o f  the 

nigra <Gibb & Lees, 1991). although there is evidence for dopam inergic cell loss in the 

ventral tegmental area as well (Javov-Agid & Agid, 1980). As dopam ine (DA) 

m odulates basal ganglia functioning by controlling cortical input to neurons in the 

striatum  (caudate/putam en) (Young & Penney. 1993). decreased DA from the nigra is 

follow ed bv a disruption o f normal neurophysiological processes in the basal ganglia.

The current proposed model o f normal basal ganglia functioning, as described by 

W ichm an and DeLong (1993). includes direct and indirect anatom ical pathways between 

the primary basal ganglia input area, putam en. and the prim ary output areas, GPi and 

substantia nigra pars reticulata (S.Yr). These authors describe the direct path as a 

m onosynaptic connection from the putamen to the GPi or SNr. resulting in inhibition o f 

these structures. The more complex indirect path proceeds w ith a series o f connections 

beginning with the putam en. The putamen inhibits the external segm ent o f  the globus 

pallidus (GPe). GPe inhibits STN. and STN excites GPi. As output from the GPi is 

inhibitory, the net result o f  the direct path is to reduce pallidal inhibition o f thalamic 

m otor areas i ventral lateral nuclei of the thalam us [V L]) while the indirect path increases 

pallidal inhibition o f VL. See Figure I. It has been suggested by Bergm an. W ichm an and 

DeLong (1990) that excessive activity in the STN  might be one o f the pathophysiological 

bases for the abnorm al m otor movem ents seen in PD. Their m odel proposes that 

decreased dopamine from the substantia nigra ultimately results in disinhibition o f  the 

STN . As projections from the STN to the GPi are glutam inergic. hyperactivity in the 

STN  is followed by hyperactivity in the GPi. A final result o f  this abnorm al basal ganglia 

activity  is over inhibition o f  the VL by GPi. See Figure 2.
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A lthough dopamine is the prim ary neurotransmitter affected in PD, there is 

evidence for o ther neurotransm itter changes. Decreases in neuroadrenaline, serotonin , 

and acetylcholine have been observed in PD patients (Agid, Ruberg, Dubois, & Pillon, 

1987). In addition to neurotransm itter abnormalities in PD, there are other 

pathophysiological findings. Lewy bodies are another a pathophysiological hallm ark  of

P H  T ' K  m  r v > r* •» I m ^ l n o i o n  I ►%>»..**.I «-»-»•» I .  •
* —- • «**«-- —* -*» W Iliviu0i0l4 UOUiWJ IUUI1U p il i l lk i l l lv  HI UlC

SN. locus ceruleus. dorsal vagus m otor nucleus, and substantia innominata. a lthough they 

are occasionally observed in the neocortex (Olichney, Galasko, Corey-Bloom . & Thai. 

1995). The etio logy o f the pathophysiological processes observed in PD is not clearly  

understood. There is evidence pointing to both genetic and environm ental factors (Golbe 

& Langston. 1993; Veldman. Wijn. Knoers. Praamstra, & H orstink. 1998).

B. Cognitive Functioning

From the time PD was first characterized by Parkinson in 1817 (Parkinson. 1938) 

until the 1950s. cognitive deficits were not generally believed to be a part o f the d isease’s 

sym ptom otologv (Botez & Barbeau. 1975). However, in more recent times, it has been 

noted that a significant number o f individuals with PD do experience cognitive deficits in 

addition to their m otor symptoms. It has been estimated that 40-60  percent o f  patients 

with PD experience decreased cognitive functioning (M ahler & Cum m ings. 1990). In 

some cases, these deficits are part o f a global dementing process (Agid et al.. 1987). but 

in many other cases, patients experience a pattern of cognitive deficits specific to  PD that 

are not part o f a dem entia (Raskin, B orod, & Tweedy, 1992a; Taylor & Saint-C yr. 1995). 

Specifically, areas that are com m only found to be impaired in non-dem ented patien ts with
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PD are some aspects of executive functions, visuospatial ability, attention, memory, and. 

to a lesser extent, language (Beatty. Staton. W eir. M onson. & W hitaker. 1989: Levin. 

Tom er. & Rey. 1992; Matison, M ayeux, Rosen, & Fahn, 1982; M ohr et al„ 1990; Raskin. 

Borod, & Tw eedy. 1990: Starkstein. Bolduc, Preziosi. & Robinson, 1989: Taylor et al.. 

1995 ). Just as with the spectrum o f m otor symptoms. Parkinson's patients may 

r*y nr*riF*pij£ m <orri£ or oil o f  t ̂  ~ ̂  c  c o g n it iv e  iirciis "\s p resen t stn d v  in c lu d ed

only non-dem ented patients, the following is a review of cognitive deficits frequently 

observed in non-demented PD patients.

/. Attention. In general, the majority o f studies find the immediate span of 

attention, as m easured by the Digit Span test, to be normal in PD patients (Huber, 

Freidenberg, Shuttleworth. Paulson. & Christy. 1989; Starkstein et al.. 1989; Stern. 

M ayeux. & Cote. 1984; Taylor. Saint-Cvr. & Lang, 1987). Reports o f normal digit span 

perform ance have included patients with and without depression and those in mild to 

severe stages o f the disease. Generally, patients in these studies were tested while taking 

antiparkinsonian medications. In early untreated patients. Cooper. Sagar. Jordan et al..

(1 9 9 1) found normal performance on the digits forward com ponent o f  the test but 

im paired performance on the digits backward aspect, as com pared to healthy controls. 

G abrieli. Singh. Stebbins. et al.. (1996) found untreated PD patients to have an impaired 

verbal span relative to controls. Levodopa has been described as having a nonspecific 

arousal effect (Saint-Cvr. Taylor. & Lang. 1993). It is possible that the 

pathophysiological processes in PD cause a deficit in the imm ediate span o f  attention, but 

this deficit is. at least initially, masked by treatm ents with antiparkinsonian m edications.
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This is supported by the work o f Hamel and Riklan (1975) who found that perform ance 

on the Digit Span test was improved after 42 m onths o f  treatment with levodopa as 

com pared to perform ance prior to levodopa exposure. A similar pattern o f  findings was 

observed by Portin and Rinne ( 19S0). Tw o to three m onths after first exposure to 

levodopa. their PD patients were found to have im proved Digit Span perform ance relative 

to baseline. This benefit was lost after two to three years o f treatment. W hen these PD 

subjects were tested S-10 years after initiation o f levodopa therapy, a further decline in 

Digit Span perform ance was noted. Interestingly, consistent with the findings in de novo 

patients in the earlier stages o f the disease. Portin and Rinne (1980) found that in the 

patients who had been treated with levodopa for 8-10 years, performance on the digits 

backward com ponent o f the Digit Span test was m ore significantly different from controls 

than the difference between the two groups on the total score of the Digit Span test. 

Perhaps with the progression o f  the disease, the initial beneficial effect o f levodopa 

treatment on this test of com plex attention (digits backw ard) is lost.

O ther aspects of attentional functioning have been found to be abnorm al in PD. 

W right. Burns. Geffen. et al. i 1990). using Posner's paradigm  (Posner. 1980). observed 

that PD patients disengaged from attended locations m ore readily than controls. This was 

interpreted as an im pairm ent in vigilance, that is the m aintenance o f oriented attention. 

These findings are particularly interesting given w ork by Clark. Geffen. and G effen 

(1987) who have shown that in animals and hum ans, forebrain dopamine pathw ays are 

necessary for integrated orienting behavior. D ivided attention, or the ability to focus 

attentional resources on more than one task sim ultaneously, has also been found to be 

reduced. Sharpe (1996) found in early PD an im pairm ent in the ability to divide attention
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between tw o com peting auditory  stimuli, as com pared to controls. Bennett. W aterm an, 

Scarpa, et al. (1995) reported that, although orientation o f attention was intact, "w ith the 

process o f m odulating the attentional focus or o f  managing more than one attentional 

task, dysfunction in PD becam e apparent".

2. M emory. M em ory impairments are com m only found in PD, however, there are 

specific aspects o f m em ory functioning that are affected more often than others in this 

disease. Short-term  m em ory impairm ent for verbal and nonverbal material is a 

com m only recognized m em ory deficit in PD patients (Gabrieli. Singh. Stebbins. & Goetz. 

1996; Sullivan & Sagar. 1991; Sullivan, Sagar. Cooper. & Jordan. 1993; Taylor. Saint- 

Cyr. & Lang. 1986; Tw eedy. Langer. & M cDowell. 1982). These individuals have also 

dem onstrated a reduced ability  to learn new inform ation (Daum  et al., 1995; El-Awar. 

Becker. H am m ond. Nebes. & Boiler. 1987; Ferraro. Balota. & Connor. 1993; Gabrieli et 

al.. 1996; Taylor. Saint-Cyr. & Lang. 1990; Taylor et al.. 1986). However, the ability to 

recall learned inform ation after a delay appears to be intact in nondem ented individuals 

(El-Awar et al.. 1987; Sullivan et al.. 1991). Reduced learning ability has been attributed 

to the PD patien t's  failure to use efficient learning strategies (D aum  et al.. 1995; Ferraro 

et al.. 1993; Gabrieli et al.. 1996; Taylor et al.. 1990). Because planning, identification, 

and use o f learning strategies are more appropriately characterized as executive functions, 

reduced learning ability for som e types o f m aterial may be due to executive dysfunction, 

which is frequently observed in PD patients. A lternatively, reduced learning ability may­

be related to slow ed cognitive processing speed. That is, patients are not processing 

inform ation as fast as it is being presented to them , therefore, som e o f the presented

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS 7

material is never encoded. A final hypothesis regarding reduced learning ability in 

Parkinson’s patients is related to non-dopam inergic neurotransm itter changes seen in PD. 

Dubois. Ruberg, Javoy-A gid. et al. (1983) observed reduced levels o f acetylcholine in PD 

patients as com pared to healthy controls. As it has been well established that 

acetylcholine plays a critical role in learning and mem ory (K opelm an. 1986). abnorm ally 

low levels o f this neurotransm itter may contribute to the reduced learning ability seen in 

many PD patients.

In contrast to these areas o f impairm ent, recognition m em ory has generally been 

found to be intact in PD (Daum et al.. 1995; El-A war et al., 1987; Flow ers, Pearce. & 

Pearce. 1984; G abrieli et al.. 1996; Taylor et al.. 1986), although there have been 

exceptions to this prevalent rinding (Tweedy et al.. 1982; H aeske-D ew ick. 1996). It is 

not surprising that recognition memory in PD patients has generally been found to be 

within normal lim its. Data from human and prim ate research seem s to indicate that 

recognition m em ory is primarily subserved by the temporal lobes (Nliiner. 197-1; M ishkin. 

1982). Structural tem poral lobe pathology is not generally associated w ith PD.

3. Lanm uiee. As a whole, language functions are generally regarded to be intact 

in PD. Even in dem ented PD patients, language functioning is largely spared 

(Cum mings. Darkins. M endez. Hill. & Benson. 1988). There are. however, some aspects 

o f language ability that have been reported to be reduced in nondem ented PD patients. 

Although it is not a frequent observation, there are som e reports o f  dim inished oral 

language com prehension in PD (Cum m ings et al.. 1988; G rossm an et al.. 1991). M ore 

com m on are observations o f change in language output ability. R eductions in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS 8

syntactical complexity o f speech output have been found by several investigators (Bayles, 

1990: Cum m ings et al.. 1988: Illes. M etter. Hanson, & Iritani. 1988). However, it is 

unclear if  the use o f sim plified sentences represents a “language” impairm ent or a 

com pensatory strategy on the part o f PD patients to communicate effectively.

H ypophonia and dysarthria which im pair speech intelligibility may cause patients to 

shorten and/or simplify their sentences in order to communicate successfully Support for 

this latter interpretation is found in a more recent study that evaluated written sentences 

from PD patients. Sentence length, syntactical complexity, and am ount o f inform ation 

content w ere found to be normal in nondem ented and mildly dem ented PD patients 

(Sm all. Lyons. & Kemper. 1997).

Confrontation naming and verbal fluency have also been found to be reduced by a 

num ber o f  investigators, although there are exceptions. In early groups o f treated and 

untreated PD patients, naming ability has been found to unim paired (Cooper. Sagar. 

Jordan. Harvey. & Sullivan. 1991: Cooper et al.. 1992; Randolph. Braun. Goldberg, & 

Chase. 1993). Beatty. M onson, and Godkin (1989), however, have made a distinction 

between tw o subgroups o f mild to moderate nondemented PD patients, those with and 

those w ithout reduced nam ing ability. These data are consistent with those o f M atison. et 

al. (1982) who also found im pairm ent in nam ing ability in PD patients. It would seem 

that a confrontation naming deficit is a cognitive symptom not unlike some o f the m otor 

sym ptom s in PD. that is. it may or may not be present in the disease.

V aried results have also been observed when verbal fluency tasks are given to PD 

patients. A lthough there are a few exceptions (El-Awar et al., 1987; Stem  et al., 1984), in 

general, verbal fluency to a phonem ic cue (i.e., letter o f the alphabet) appears to be
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normal in m ost nondem ented PD patients (Auriacom be et al., 1993; Beatty. M onson. & 

Goodkin. 1989; Cohen. Bouchard. Scherzer. & W hitaker. 1994; Downes. Sharp. Costall. 

Sagar, & H ow e, 1993; G abrieli et al.. 1996; M atison et al., 1982; Raskin, Sliw inski, & 

Borod. 1992b; V anSpaendonck. Berger. Horstink, Borm. & Cools. 1996a). Tim ed 

generation o f  exem plars belonging to a sem antic category (e.g.. anim als), however, is 

com m only found to be im paired (Auriacombe et al.. 1993; Beattv et al.. 1989; Cools. Van 

Den Bercken. Horstink. Van Spaendonck. & Berger. 1984; M atison et al.. 1982;

Randolph et al.. 1993; Raskin e t al.. 1992b: Stem  et al.. 1984). although not always 

(Gabrieli et al.. 1996; V anSpaendonck et al.. 1996a). As noted above. Beatty, et al.

(1989) divided their sample o f  PD subjects into those with and without a confrontation 

naming deficit. Interestingly, they found that, while all PD subjects perform ed normally 

on phonem ic verbal fluency tests, in the group with impaired nam ing ability , semantic 

verbal fluency was also im paired. In their PD group with normal naming ability, 

semantic verbal fluency was also normal. These data are sim ilar to those o f Gurd and 

Ward (1989). They reported data that com bined performance on phonem ic and semantic 

verbal fluency tasks and found that PD patients were impaired relative to norm al controls. 

This im paired verbal fluency perform ance correlated with perform ance on the Boston 

Naming Test ( Kaplan. G oodglass. & W eintraub. 1978) while the verbal fluency scores o f 

the normal controls did not.

4. Visuospatial. A deficit in the domain o f  visuospatial functioning has been 

defined as "d ifficu lty  in appreciating the relative position o f stim ulus-objects in space, 

difficulty in integrating those objects into a coherent spatial fram ew ork, and difficulty in
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perform ing m ental operations involving spatial concepts” (Boiler et al., 1984). The 

frequency o f  visuospatial processing deficits has been reported to be up to 9 3 ^  in PD 

patients (Pirozzolo. Hansch, M ortim er, W ebster, & Kuskowski, 1982) and such deficits 

are often found to be independent o f general intellectual functioning (B oiler et al., 1984; 

N atsopoulos. Bostantzopoulou. Katsarou. Grouios. & M entenopoulos. 1993). However, 

some authors claim  that there are no visuospatial deficits in PD or that the decreased 

perform ance o f  these patients on visuospatial tasks is secondary to attention or frontal 

deficits (B ondi. Kaszniak. Bavles, & Vance. 1993; Brown & M arsden, 1986; Taylor et 

al.. 1986). Discrepancies in the reported perform ance of PD patients in the visuospatial 

domain may be related to variable definitions and m ethodologies. There are many types 

o f separable visuospatial functions, ranging from basic perception to com plex integration, 

organization, and manipulation o f visuospatial material, and num erous clinical and 

experim ental measures have been used to assess them. The range o f visuospatial 

functions has been divided into three (i.e.. spatial perception, mental rotation, and spatial 

visualization) (Linn & Peterson. 1985) to five (e.g.. spatial perception, spatial m emory, 

spatial atten tion , spatial mental operations, and spatial construction) ( Kxitchevskv. 1988) 

main categories. Within these categories, m ore discrete functions have been 

characterized, such as that o f personal and extrapersonal spatial orientation, and spatial 

updating (M ontgom ery. Silverstein. W ichm ann. Fleischaker. & A ndberg. 1993).

In stud ies that assessed a range o f visuospatial functions. Taylor et al. (1986) 

found no deficits. Bondi et al. (1993) obtained mixed results, while Cronin-G olom b and 

Braun (1997) indicated their results supported a genuine selective visuospatial deficit. 

Perhaps the variability in the findings is related to the way groups o f  PD patients are
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studied. For exam ple. Boiler et al. (1984) observed differences in visuospatial ability as 

a function o f  disease severity. Hoehn and Yahr stage I and 3 patients were found to be 

impaired relative to stage 2 patients, on several visuospatial tasks. Raskin. Borod, 

W asserstein. et al.. (1990) identified subgroups o f  PD patients with varying visuospatial 

ability; those who were either intact or impaired on the measures used and those w ith 

intact perception out impairm ent in visuospatial orientation. Boiier et ai. t i984i state that 

simple v isuospatial tests discrim inate better betw een patients with PD and norm al 

controls than m ore complex visuospatial tasks. An excellent exam ple o f this observation 

is in the study o f  N’atsopoulos. et ai.. (1993). T hey matched a group of PD patients and 

normal controls on the R aven 's Progressive M atrices test, a difficult test o f non-verbal 

intelligence requiring visuospatial perception and complex reasoning ability. Despite 

equal ability w ith controls on this difficult m easure, the PD patients were found to be 

impaired on several tests dependent on a num ber o f  individual visuospatial functions.

O ther studies have revealed deficits in basic perception and discrim ination, 

generally assessed with m atching to sample paradigm s (Filoteo et al.. 1995; Tang & Liu. 

1993). and noted that this deficit progressed along with disease duration (Levin. Llabre. 

Anslev. Brow n. & W einer. 1984; Portin & Rinne. 1980). Stereovision with com plex 

stimuli has also been reported to be impaired in moderate to severe PD patients, while no 

deficit in this function was found in mildly affected patients (Flowers & Robertson.

1995). A range o f  somewhat more complex visuospatial abilities, frequently including 

personal and extrapersonal visuospatial orientation, have also been found to be im paired 

in PD (B ow en. Bum s, Brady, & Yahr. 1976; Bow en, Hoehn, & Yahr. 1972; Lee. Harris. 

& C alvert, 1998; Hovestadt. de Jong, & M eerw aldt, 1987), particularly in m oderately
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affected patients (M ontgom ery et al.. 1993). although som e studies did not observe this 

deficit (Brown et al.. 1986: Duncombe. Bradshaw, lansek, &. Phillips. 1994; Levin et al.. 

1991).

5. ''F ronta l" and Executive. Executive functions consist o f a range o f higher 

order intellectual abilities and are often referred to as "frontai iobe” functions. The two 

terms are used interchangeably because it has been established that executive functions 

are largely subserved by the frontal lobes (Perecman. 1987). Further human and anim al 

research has expanded this conclusion, supporting the idea that the neuroanatom ical 

substrates o f  executive functions actually involve frontal-subcortical circuits, specifically 

those circuits including the thalamus and basal ganglia (Fuster. 1997). not just the frontal 

lobes. G iven this broadened understanding o f the neuroanatom ical underpinnings o f 

executive functions and the fact that PD neuropathology disrupts these circuits at the level 

of the basal ganglia, it is not surprising that executive functions are am ong the most 

frequently observed cognitive abilities to be adversely affected by PD. In fact, some 

authors argue that all cognitive deficits observed in PD (e.g.. attention, visuospatial. and 

memory) are the result o f  impairment in various aspects o f executive functioning (Bondi 

et al.. 1993; Taylor et al.. 1986) and not the result o f im pairm ent in each o f  the separate 

cognitive dom ains.

One executive deficit that has been widely reported on in PD patients is in the area 

of cognitive set (Cools et al.. 1984; Downes et al.. 1989: Fimm. Bartl. Zim m erm ann. & 

W allesch. 1994; Owen et al.. 1992; Taylor et al.. 1990; V anSpaendonck. Berger.

Horstink, Buytenhuijs. & Cools. 1996b). Cognitive set has been defined as “a state o f
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brain activity that predisposes a subject to respond in one way when several alternatives 

are available" i Flowers &. Robertson. 1985). Parkinson’s patients have been described as 

having both a decreased "shifting aptitude" (Cools et al., 1984; Dow nes et ai.. 1989). 

w hich involves difficulty w ith altering response patterns from one to another set of 

response options, and as having instability in their response set (Dow nes et al.. 1989; 

Flow ers et al.. 1985), which is idciuuicd as du iicu ltv  with m aintaining a pattern ot 

responding when multiple response options are available. These difficulties with 

cognitive set in PD patients have been observed in m ultiple m odalities (Cools et al..

1984; Downes et al.. 1993; M cDonald. Brown. & G orell, 1996; Flowers et al.. 1985). A 

few authors have reported, however, that PD patients perform  poorly on only some set- 

shifting tasks (Brown & M arsden. 1988; Downes et al.. 1989; Downes et al.. 1993; 

Inzelberg et al.. 1996; Owen et al.. 1993).

Based on this pattern o f  perform ance and an analysis o f the various tasks used, a 

num ber o f researchers have concluded that PD patients do not have difficulty  performing 

tasks that require set-m aintenance or set-shifting as long as there are explicit rules or 

external cues to guide the patien t's  behavior (Brown et al.. 1988; Taylor et al.. 1990; Van 

Spaendonck. Berger. Horstink. Borm. & Cools. 1995). W hat does seem  to be impaired, 

how ever, is the PD patients' ability to generate internal cues or problem -solving strategies 

to guide and regulate behavior. In addition to difficulties with developing strategies, 

planning, and problem solving, other areas o f executive im pairm ent noted in Parkinson's 

patients include deficits in sequencing and inductive and deductive reasoning (Beatty & 

M onson. 1990; Channon. Jones. & Stephenson, 1993; Downes et al.. 1993; Natsopoulos 

e t al.. 1997; Owen et al.. 1995; T aylor et al., 1990; V anSpaendonck et al.. 1996b).
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Som e aspects o f m em ory functioning that are highly dependent on frontal lobe 

integrity have also been found to be im paired in PD. The temporal ordering o f m em ories 

has been observed to be reduced in PD patients (Sager, Sullivan. G abrieli. Corkin, & 

Grovvdon. 1988). In this case, recognition o f  learned material is intact, however, episodic 

m em ories are recalled in the incorrect chronological order. Finally, working memory, 

which has been defined as the temporary storage of information in connection with 

perform ing other, more com plex tasks" (Baddelev, 1995), can be reduced in PD patients 

(Cooper. Sagar. & Sullivan. 1993; Dalrym pl, Kaiders, Jones, & W atson. 1994; G abrieli et 

al.. 1996; O w en, Iddon. Hodges. Sum m ers, & Robbins, 1997).

C . Deep Brain Stim ulation

In the I950’s and 6 0 ’s, successful treatm ent of PD sym ptom s was frequently 

achieved with surgical lesions o f the pallidum  or thalamus (Cooper. Bravo. Riklan. 

Davidson. & Gorek, 1958; Svennilson, T orvik , Lowe, & Leksell, I960). The 

developm ent o f levodopa was followed by a decrease in the use o f these surgical 

procedures because PD sym ptom s could be medically treated quite effectively w ithout the 

m orbidity and mortality associated with surgical treatments. As a result, over the last -3 0  

years, levodopa has been one o f the prim ary treatments for the m otor sym ptom s of PD. 

How ever, the drug-tolerance and the debilitating dyskinesias that develop from a 

com bination o f  pharm acological and disease factors (i.e.. long-term  use o f levodopa. 

altered pharm acodynam ics, the disease process, and severity o f sym ptom s) (Yahr. 1993) 

have precipitated  renew ed interest in neurosurgical treatments.
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O ne o f  the newer surgical procedures for relief o f severe Parkinsonian sym ptom s 

is chronic deep brain stim ulation (DBS). It was observed during neurosurgical lesioning 

procedures that high frequency stimulation in specific neural areas had a sim ilar effect as 

a lesion on m ovem ent disorder symptoms (Andy, 1983). Because o f  the success o f 

stereotactic lesions for treating PD symptoms, it was proposed that high frequency 

stim ulation couid  be applied, with permanently implanted clccUudca. instead o f a 

destructive lesion (Benabid et al.. 1989). This procedure would result in a "functional” 

rather than a perm anent lesion. Therefore, DBS attempts to achieve the same 

neuroanatom ical (disruption o f  abnormal hyperactivity) and functional (reduction o f  PD 

sym ptom s) outcom e as a surgical lesion (Goetz. DeLong, Penn. & Bakay. 1993).

From  a clinical perspective, if both types o f procedures achieve the same goals, 

the DBS procedure has several advantages over available destructive neurosurgical 

treatm ents, such as pallidotom y, which are not reversible or m odifiable once perform ed. 

Given the proxim ity o f potential target nuclei to critical structures such as the optic track 

and internal capsule, it is possible that during the lesioning process, surrounding 

structures may be adversely affected inadvertently. Therefore, if a reversible "lesion” 

could be m ade, then the clinical benefit o f  a lesion could be obtained w ithout perm anent 

tissue dam age. If unacceptable side effects develop, the stim ulation can be turned off. 

thus "reversing” the procedure. Another advantage the DBS procedure has over 

destructive procedures is that it permits m odification o f  the stim ulation param eters to 

optim ize therapeutic benefits and reduce side effects.
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/. STiV D BS and M otor Functioning. A lthough several neuroanatom icai targets 

that may be effective in reducing a range o f parkinsonian sym ptom s have been identified 

(i.e., VIM. G Pi. and STN). because the subjects in the present study underwent STN 

electrode placem ent, the discussion below will focus on review ing what is known about 

STN DBS. As described above, it was proposed that loss o f  dopam inergic input to the 

puiunicn resulted in hyperactivity in the STN, therefore, lesioning the STN m ight result in 

clinical im provem ent of PD symptoms (Bergm an. W ichm ann. & DeLong. 1990). This 

hypothesis was supported by Bergman et a l.’s (1990) observations o f higher STN  tiring 

rates in parkinsonian m onkeys as compared to norm als, and STN lesions in the same 

anim als resulting in reduced akinesia, tremor, and rigidity. Hyperactive STN firing has 

also been observed in hum an PD patients (Y okoyam a et al.. 1998). Therefore, 

"functional” lesioning o f the STN. via DBS. to decrease hyperactivity in this nucleus may 

also decrease parkinsonian symptoms.

T hough this model provides a good basis for experim entation, the anatom ical 

connections am ong frontal and subcortical structures appears to be more com plex than 

the model re fe c ts  (Parent & Hazrati. 1995). and the actual m echanism s of action o f STN 

stim ulation rem ain to be established. A few hypotheses regarding the m echanism  o f 

action have, however, been put forth. Benabid, Poliak, Seigneuret et al. (1993) proposed 

that high frequency stim ulation disrupts abnorm al firing activity by "jam m ing” neuronal 

networks. O thers have suggested, based on electrophvsiological data from l-m ethyl-4- 

phenyl- 1.2.3.6-tetrahydropyridine (M PTP) -treated m onkeys, that DBS reduces the 

abnorm ally high rate o f firing to within norm al lim its, rather than elim inating all neuronal 

activity in the target (Boraud, Bezard, Bioulac, & G ross, 1996). This was suggested to
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take place via stim ulation o f m yelinated GABAergic afferent fiber tracts which inhibits 

the target nucleus.

Several studies evaluating m otor symptom s have show n that chronic high 

frequency stim ulation o f the STN has a significant impact on PD  symptoms. R eduction 

or elimination o f parkinsonian m otor features with STN stim ulation has been observed in 

M PTP-troated m onkeys (Benazzouz, Gross, Feger. Bem ud, & Biouiac. l ^ ? )  and in 

humans with PD (rigidity, akinesia/bradvkinesia, and motor fluctuations uBenabid e t al.. 

1994; Limousin et al., 1995; O lanow, Germano, Brin, Swope, & W eisz. 1996; Poliak  et 

al.. 1996). Inhibition o f STN firing, via DBS or a lesion, has also been observed to 

reduce trem or in PD patients (Rodriguez et al.. 1998).

Data from functional imaging studies provide inform ation on physiological 

changes that occur with STN DBS. Significant m otor-induced blood How changes in the 

supplementary m otor cortex, the cingulate cortex, and the DLPC have been observed 

during effective versus ineffective STN stim ulation (Lim ousin e t al.. 1997). This report 

proposed that "STN  stim ulation produces its clinical effects by bringing the pattern o f  

bruin activity during m ovem ent back toward that described in control subjects". T his 

hypothesis is supported by a more recent report o f increased cerebral blood flow in the 

ipsilateral rostral supplem entary m otor area and prem otor cortex  during contralateral 

m ovement with STN  stim ulation as com pared to the stim ulation-off condition (C eballos- 

Baumunn et al.. 1999).

Little is know n about the long-term  effects o f DBS. In one sample o f  20 patients 

with bilateral STN  stim ulators, at one year postim plantation, they continued to 

dem onstrate significant im provem ent in m otor and activities o f  daily living (A D L) scores

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS 18

both on and off m edications (Lim ousin et al., 1998). Van Blercom , C harles, Limousin, et 

al.. ( 1999) reported on up to a four-year follow-up period. Their PD patients, all o f whom 

had undergone bilateral STN DBS and had demonstrated significant im provem ent 

im m ediately postoperatively, continued to demonstrate improvement over baseline at two 

<n= 22), three (n=lO), and four (n=5) years post implantation.

Aithougn the DBS procedure w ith implantation in the STN is perform ed ciinicaiiy 

for the treatm ent o f PD symptoms, this therapy is still under clinical investigation. What 

has not been extensively reported on are the cognitive effects o f the procedure. As a part 

o f determ ining this procedure's clinical utility, it would be important to identify any 

cognitive changes associated with surgical placement of electrodes and w ith high 

frequency stim ulation. From a theoretical standpoint, the DBS procedure offers a unique 

opportunity for investigating neuroanatom ical substrates o f cognition. The DBS 

procedure involves a largely reversible direct manipulation o f brain structures. Unlike 

o ther tim e-lim ited procedures (e.g., intra-operative brain stim ulation or the sodium  amytal 

procedure), the manipulation in the DBS procedure is chronic and allow s for extended 

testing to be conducted in the active condition. Therefore, it is possible to study how 

DBS affects various aspects o f m ultiple cognitive domains in order to im prove our 

understanding o f what role certain subcortical structures play in d ifferent cognitive 

processes.

2. STN  DBS and  Cognitive Functioning. The role o f the STN  in cognitive 

functioning is largely unexplored, although there are some prelim inary findings in the 

anim al literature Rats with excitotoxic STN  lesions have been found to be impaired in
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discrim ination accuracy and behavioral control, including premature anticipatory 

responding and perseverative responding on a five choice continuous performance-like 

task  (B aunez & Robbins. 1997). Interestingly, some o f  these impairments were reduced 

w ith system ic adm inistration o f a dopamine agonist. These findings were replicated and 

ex tended  by these authors in a more recent study. Rats w ith excitotoxic lesions to both

•  I '  > C  f \  -I " t U  n  . ^  ̂ ^  f  r> f
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the DA depleting lesion resulted in worsened prem ature responding but did not have an 

effect on any other deficit observed in the presence o f  ju st STN lesions (Baunez & 

R obbins, 1999a). In a third study, the excitatory inputs to the STN (primarily from cortex 

and thalam us) were blocked and inhibitory inputs (prim arily globus pallidus) were 

stim ulated  via chem ical manipulation. Under these circum stances, the rats dem onstrated 

reduced choice accuracy, slowed correct responses, and increased om issions and 

perseverative responses on the same five choice serial reaction time test (Baunez & 

Robbins. 1999b). These data suggest that the STN. at least in rats, is involved in 

executive functioning, specifically attentional and behavioral control and integrative 

functions (Baunez et al.. 1999b).

At present, there is only one study that prelim inarily investigates the cognitive 

effects o f  stereotactic STN lesions and very few studies that have evaluated the cognitive 

effects o f  the '‘functional” STN lesions that are thought to result from the DBS procedure. 

In the subthalam ic nucleotom y study, the authors reported no significant differences 

across conditions for any o f  the cognitive measures used (M cCarter. W alton. Rowan.

G ill. & Palom o, 2000). T heir sample (n= l2), however, was heterogeneous, in that som e 

patients had unilateral lesions, some patients had a  unilateral lesion and an STN
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stim ulator im planted on the contralateral side, and a third group o f  patients had bilateral 

lesions. Therefore, their lack o f  findings is unclear.

W ith respect to STN stim ulation, Ardouin and colleagues (Ardouin et al., 1999b) 

reported on a series of PD patients who had undergone either bilateral STN (n=49) or GPi 

(n= 14) electrode placement. In evaluating the effects o f  DBS in the entire sample 

(com bining the STN and GPi patients) 3-6 months nostonerativelv. hv comparing the 

presurgical baseline to the postsurgical stim ulation-on condition, these investigators 

found a decline in verbal fluency and improvements on the Trail M aking Test (TMT) 

parts A and B. Posthoc com parisons revealed that on both parts o f the TM T, the STN 

patients im proved while the GPi patients did not change. The investigators did not 

include a m easure that might separate the individual effects of the purely motor versus the 

cognitive/psychom otor com ponents of this task, however. Depression scores also 

significantly improved in their STN group at the tim e o f the three to six month follow-up. 

At a 12-month follow-up. a subset (n=26) o f these STN patients were evaluated following 

medication withdrawal (A rdouin et al.. 1999a). At that time, the depression scores o f this 

subset had returned to baseline levels.

In a m uch smaller sam ple o f  bilateral STN patients (n=7), com parison o f baseline 

to stim ulation-on performance revealed trends for reduced verbal fluency and im proved 

"mental status", visuospatial reasoning skills, and delayed verbal recall at a nine month 

follow-up visit (Moro. Scerrati, Romito. Tonali. & Albanese, 1999). A t a 12-month 

follow-up. Burchiel et al. (Burchiel. Anderson. Favre. & Ham merstad. 1999) found no 

changes in m emory, attention, o r visuom otor functioning in their sam ple o f five bilateral 

STN patients. Hariz et al.. (2000) report the case o f  a 53 year-old m an with a ten year
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history o f PD and baseline m oderate m em ory deficits w ho dem onstrated cognitive 

deterioration poscoperatively such that he was impaired in his ability to execute his ADL's 

despite the m arked m otor im provem ent he experienced as a result o f  his bilateral ST N  

DBS. A more detailed description o f  the specific areas o f  cognitive decline was not 

provided.

The chniCal findings m entioned above wore the result of com parisons betw een 

baseline cognitive perform ance to perform ance in the stim ulation-on condition. This 

com parison yields inform ation about the overall cognitive effects o f the DBS procedure 

but does not allow for exam ination o f  the individual effects o f  electrode placem ent versus 

o f DBS. There are. how ever, a few preliminary reports on the cognitive effects o f high 

frequency STN stim ulation where the stim ulation-off and stim ulation-on conditions were 

available and directly com pared. In the Ardouin et al 1 1999) study m entioned above.

STN stim ulation was found to have no effect on a “Frontal” cognitive factor score at three 

months, but this factor score was im proved relative to baseline at 12 months. No change 

at either postoperative tim e point was observed in their "A ttentional Control” factor 

score. Jahanshahi and colleagues (Jahanshahi et al.. 1998) also testing PD patients 

following levodopa w ithdraw al, observed faster response tim es and improved 

performance on the Paced Auditory Serial Attention Test (PA SA T). missing digits task, 

and a random num ber generation task with STN stim ulation. A decrease in trial and error 

visual conditioned learning, however, was also noted. These authors did not report any 

baseline presurgical cognitive data.

It is clear that the lim ited available data regarding the cognitive effects o f  ST N  

DBS are not firm  and that a  m ore com prehensive experim ental design than has thus far
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been utilized is needed to fully evaluate the cognitive effects o f  all aspects o f  this surgery. 

Such a design w ould allow for the individual evaluation o f the cognitive effects of 

surgical im plantation o f chronically indw elling electrodes and o f high frequency deep 

brain stim ulation. In addition to the anim al and clinical data presented above, there are 

several theoretical reasons that suggest the procedure for im planting the electrodes m ight 

uiivO du im pacr on  cognitive processes. T'lic procedure involves stercoructic p lacem en t ot* 

electrodes into deep brain structures. In order to achieve optim um  targeting o f the 

electrodes, several passes (estim ated 3-10) o f  the recording/stim ulating probes through 

the brain may be required. The point o f  entry for the probes is three centim eters from the 

midline o f the first gyrus anterior to the prem otor gyrus. In addition to prefrontal cortex, 

other structures the electrodes are likely to pass through are the corona radiata. the lateral 

aspect o f the head o f the caudate, the nuclei dorsalisoralis (external) and ventraloralis 

(posterior) o f  the thalamus, and the internal capsule, as the electrodes angle 

ventrom edially to their target, the STN. w hich is located one centim eter from the m idline. 

Structures affected by the placement o f the electrodes will vary w ith individual 

differences in anatom y. Subtle disruption o f the fiber tracts, as well as the ventral tier 

nuclei o f the thalam us, from placem ent o f the electrodes could have consequences on 

cognition. Previous studies o f the neuropsychological effects o f stereotactic surgeries 

(i.e.. pallidotom y and thalamotomy) have revealed cognitive decline following these 

procedures (D arley. Brown. & Sw enson. 1975; Jurko & Andy. 1973; M cFie. I960;

Riklan. D iller. W einer. & Cooper. 1960). however, this is not alw ays been the case (Asso, 

Crown, Russell, &  Logue, 1969; Soukup et al., 1997).
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A lthough stimulation o f the STN is being performed for the purpose o f relieving 

abnorm al m otor movements, despite the paucity o f results reported thus far. 

neuroanatom ical and clinical data suggest the theoretical possibility that disruption o f 

abnorm al firing, via DBS. in the STN could have an effect on cognition, particularly on 

functions heavily dependent on prefrontal cortical functioning. There is ample 

anatom ical evidence ucm croiruting connections between the STN and the trontui lobe>. 

Alexander. DeLong, and Stride (1986) com piled primate neuroanatom ical data and 

proposed that, in addition to the “m otor” circuit which links the basal ganglia and cortex, 

there are at least four o ther basal ganglia-thalam ocortical circuits that are functionally and 

anatom ically distinct from one another, but reliant on some of the sam e basal ganglia 

structures. Tw o of these additional "closed loops” are the “dorsolateral prefrontal" circuit 

and the "lateral orbitofrontal" circuit. These circuits, as summ arized by Alexander et al.

(1986). consist of dorsolateral and lateral orbitofrontal cortical projections to distinct 

areas o f  the caudate. The dorsolateral circuit continues with striatal projections to the 

dorsom edial one-third o f the globus pallidus and to rostral portions o f  the substantia nigra 

pars reticulata (SNr). The dorsom edial portion o f GPi has projections to the ventral 

anterior (parvocellular) thalam ic nucleus (VApc) which in turn projects to the convexity 

o f the frontal lobe. The m edialdorsal (pars compacta) nucleus o f the thalam us (MDpc) 

receives input from the rostrolateral SN r and subsequently projects to the dorsolateral 

prefrontal cortex, thus com pleting the dorsolateral loop. The lateral orbitofrontal circuit 

continues from  the caudate to the dorsom edial GPi. W ithin this basal ganglia- 

thalam ocortical circuit, there are also striatal projections to the rostrom edial SNr. The 

circuit then continues w ith nigral projections to VAmc and M Dmc and is com pleted by
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thalam ic connections to the lateral orbitofrontal cortex. The STN receives input from the 

frontal lobes and the external segment o f the globus pallidus (GPe) (Young et al.. 1993) 

and im pacts both o f these circuits (dorsolateral and lateral orbitofrontal) w ith excitatory 

input to the GPi and SNr. A more recent review  confirms these anatom ical relationships 

but also dem onstrates that the circuitry is m uch more complex than is reflected in this 

model (Parent et al.. 1995).

Evidence from patients with frontal lobe damage (Stuss & Benson. 1984) and 

from  prim ate studies (Fuster, 1997) indicates that the DLPC and the lateral orbitofrontal 

cortex (LOFC) clearly play a role in cognition. Although the exact functions subserved 

by these areas are far from fully understood, som e general statem ents have been made 

about their role in cognition. The DLPC is thought to be involved with tem poral 

organization o f behavior (Fuster. 1997). m ental flexibility, reasoning (M esuiam , 1986). 

attention (Posner & Peterson. 1990). spatial m em ory (Alexander. Crutcher. & DeLong. 

1990). working memory (Freedman & Oscar-Berm an. 1989). and conditioned associate 

learning (Dam asio & Anderson. 1993). W hile damage to the LOFC is more com m only 

associated with personality and affective changes (Damasio et al.. 1993). cognitive 

deficits that result from damage to this area include difficulties with response inhibition 

(Lherm itte. 1986) and cognitive set (Stuss et al., 1984); confabulation, digressions in 

speech, and increased susceptibility to interference (Mattson & Levin. 1990); and 

perseveration (A lexander et al.. 1990). It should be kept in mind, however, that there is 

considerable overlap in function (Stuss et al.. 1984) and in term inal fields o f  thalamic 

projections between these two frontal areas (Groenewegen, Berendse, W olters, & 

Lohm an, 1990). In conclusion, from the anatom ical circuits (dorsolateral and lateral
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orbitofrontal) described by Alexander et al. (1986) and outlined above, it is suggested that 

stim ulation o f  the STN could have an impact on the output o f these functionally linked 

structures that are know n to play a substantive role in cognition. Although it cannot be 

predicted with certainty which cognitive dom ains m ight be altered as a result o f 

stim ulating the STN . it is probable that, given the m ultiple neuroanatomical connections, 

functions subserved by the prefrontal cortex could be affected.

A couple o f factors suggest that stim ulation o f  the STN  may also affect cognitive 

functions not prim arily dependent on structures involved in the basal ganglia-thalam o- 

frontocortical circuits described above. First, the anatom ical circuits described by 

A lexander et al. (1986) were proposed based on da ta  from primates. Not only are the 

anatom ical data incom plete, but there are likely to be cross species variations. It is 

possible that there are connections not yet identified in the human brain that are 

com prom ised by the pathophysiological processes underlying PD. In addition, “m ultiple 

subsidiary circuits appear to modify and m odulate the flow of information through the 

m ajor basal ganglia-thalam ocortical pathways ... [providing] additional routes for 

influences to be exerted on other structures" (A lexander et al., 1990). In particular, the 

STN . w hich is norm ally associated with only the m otor system , has been noted to "take 

part in various basal ganglion circuits with different functions” (Groenewegen et al.,

1990). A bnorm al physiological functioning in these secondary circuits may. in part, 

account for the non-executive deficits (e.g.. v isuospatial or memory functions) that are 

com m on to non-dem ented individuals with PD. T herefore, disrupting abnorm ally firing 

cells in the STN, with high frequency stim ulation, m ay have an effect on non-executive 

cognitive functions often found to be reduced in PD  patients. The second reason for
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considering the possibility that cognitive functions o ther than executive areas might be 

affected by stimulation o f the STN is that the frontal lobes are reciprocally connected 

w ith all o ther association cortices both  directly and v ia indirect routes through the basal 

ganglia and thalamus (Fuster, 1997). Therefore, an alteration in basal ganglia  or frontal 

lobe functioning could impact higher-order processing o f  information in o ther cortical 

association areas.

II Objectives and Hypotheses

W henever a new m edical intervention is developed, it is im portant to exam ine the 

ram ifications of the procedure in all potentially affected domains, not ju st those of 

im m ediate interest (in this case m otor) during its developm ent. By exam ining the 

cognitive effects o f different aspects o f the chronic deep brain stim ulation procedure, 

im portant and necessary clinical information can be obtained. This m ulti-objective 

prelim inary study sought to address this under-explored area.

As indicated, currently there is a very lim ited am ount o f data available from which 

to develop hypotheses about which cognitive functions may be affected by the various 

aspects o f this procedure and w hether those effects m ight be positive o r negative. Despite 

the paucity of information from  which to draw upon, preliminary hypotheses have been 

developed, although they have been kept limited in their breadth and specificity. More 

highly developed and com plex hypotheses would be prem ature at this stage o f  the DBS 

neuropsychological research. The three primary study objectives and the preliminary 

hypotheses are:
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1.) To examine whether surgical implantation o f chronically indwelling 

electrodes, independent o f any effects DBS may have, results in a change in cognitive 

functioning (i.e.. the Surgery Com parison). The procedure for electrode placement 

requires m ultiple passages o f the canula and microrecording/stim ulating electrodes 

through frontal cortical and subcortical structures. This process may result in micro­

tissue dam age along the electrode tract and at its tip. Although no prior study has 

exam ined this individual effect, it is hypothesized that the procedure for electrode 

placem ent may result in reduced areas o f cognitive functioning.

2.) To assess cognitive changes that may result from chronically stim ulating the 

STN (i.e.. the Stimulation Com parison). Although the available prelim inary data are 

m ixed, based on the reported findings described above, it is hypothesized that STN 

stim ulation will have little effect on cognitive functioning, however, mild improvements 

in attention and declines in learning may be observed.

3.) To evaluate the cognitive effects of the DBS procedure as a whole i i.e.. the 

Procedure Comparison). Predictions on the cognitive effects o f a "functional" STN lesion 

are lim ited by the contradictory findings thus far available in the literature. Overall, it is 

hypothesized that there may be declines on measures requiring executive control of 

behavioral responses and im provem ents in delayed verbal recall ability.

If it is found that, although m ovem ent symptoms are relieved, cognitive 

functioning, as a result o f the surgical procedure for electrode im plantation, is 

significantly  impaired in some new  way (Objective I), the procedure may no longer be a 

viable treatm ent option for som e patients. This might be especially true for those PD
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patients who have some level o f presurgical cognitive im pairm ent associated with their 

disease. The procedure for implanting the electrodes, however, is just one part o f this 

treatm ent m ethod. Evaluation o f any cognitive improvement or decline that may result 

from chronic deep brain stim ulation in the STN (Objective 2) may provide unique insight 

into our currently very limited understanding o f any role the STN may have in cognitive 

functioning. Finally, exam ination ot me cognitive effects o f  the DBS procedure a s  a 

whole (Objective 3) will provide essential clinical information. If it is determ ined that 

there is im provem ent, or a lack o f decline, in cognitive functioning associated with the 

DBS procedure, then the known benefits o f this treatment are increased. If. however, 

intellectual decline, either generalized or in specific cognitive areas, is noted, then 

patients and their physicians will take this information under serious consideration when 

deciding if subthalam ic chronic deep brain stimulation is the appropnate treatm ent 

option.

With these objectives in mind, the data gathered in this project will provide 

clinically useful information regarding the DBS procedure. The results o f  this study will 

also a l l o w  for a clearer understanding o f how these neuroanatom ical structures are 

involved in specific cognitive abilities (e.g.. executive functioning), broaden our current 

understanding o f  cognitive functioning in individuals w ith PD. and possibly provide some 

illumination regarding brain/behavior mechanisms underlying specific cognitive 

functions typically affected in PD.
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METHODS

I. Subjects

As one o f  the inclusion criteria for surgical candidacy and inclusion in the present 

study was the absence of dem entia, all subjects were adm inistered the D em entia Rating 

Scale (D RS) (M attis. 1988). Patients achieving a score in the dem ented range (i.e..

< 123/144) w ere not included. The DRS totai score was used as an index o f  current global 

cognitive ability. In order to estim ate premorbid intellectual functioning, all subjects 

were adm inistered the National Adult Reading Test-Revised (N'ART-R) (B lair & Spreen. 

1989) and an estim ated IQ score was calculated. Both o f these m easures were 

adm inistered to patients while they were on medications prior to the baseline condition. 

W ritten inform ed consent was obtained from all participants.

A. DBS Patients

Surgical inclusion criteria were as follows: a diagnosis o f idiopathic Parkinson 's 

disease as determ ined by clinical presence o f three o f the four cardinal features (tremor, 

rigidity, bradykinesia. or postural instability) and good levodopa response: o ther medical 

problems w ere stable or well controlled and did not interfere w ith the proposed 

intervention: PD medications were stable for one month prior to enrollm ent; absence o f 

either psychiatric symptoms or hallucinations due to dopam inergic and anti-cholinergic 

therapy at least one month prior to surgery; and age 30-75. either gender, and any 

ethnicity. Severity of motor sym ptom s was evaluated prior to surgery using the Hoehn 

and Yahr Scale (Hoehn & Yahr. 19679 when the patient was in the m edication " o f f  state. 

Subjects w ere not surgical candidates if they had cardiac pacem akers, required  repeated
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M RIs. had a history o f substance abuse, had secondary or drug-induced parkinsonism , or 

had had a sustained depression with vegetative symptoms and suicidal thoughts or 

intents.

In order to investigate the three study objectives, surgical patients were tested in 

three conditions: baseline, postsurgicallv w ith stimulation off. and postsurgicallv with 

stim ulation on.

B. PD Controls

A PD control group was also included. These individuals consisted o f PD 

patients who were clinically and dem ographically similar to the PD surgical group but 

had not undergone any type of neurosurgical procedure and w ho had no history o f 

neurosurgery.

II. Procedure

This study utilized the Program for Neuropsychological Investigation o f  Deep 

Brain Stim ulation tPNIDBS) (M orrison et al.. 2000b) in order to examine the cognitive 

effects o f the various aspects o f the DBS procedure.

A. M edication Status

Pharmacotherapies used to treat Parkinson 's disease m ay include levodopa. 

dopam ine agonists, anticholinergics, m onoam ine oxidase (M A O ) inhibitors, and 

catechol-O-m ethvltransferase (COM T) inhibitors (Olanow & Koller. 1998). W hile it is 

clear som e o f these medications can adversely affect cognition (e.g.. anticholinergics)
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(R eid et al.. 1992; Van Spaendonck. Berger. Horstink, Buytenhuijs, & Cools, 1993; 

W alkup. 1991). evidence regarding the cognitive effects of levodopa and dopamine 

agonists is less consistent (Botez et al.. 1975; M ohr. Fabbrini, Ruggier, Fedio, & C hase. 

1987; M ortimer. 1996; Reid et al.. 1992; Reus. 1986; Stem. M ayeux. Ilson, Fahn. &

C ote. 1984). In addition, the dosages required following neurosurgical treatment may 

change as com pared to presurgical levels. Therefore, in an attem pt to study the effects o f 

the DBS surgical procedure independently from  possible pharm acological variables, 

w henever possible, patients underwent cognitive testing following withdrawal o f 

antiparkinsonian m edications. This was accom plished by testing patients the m orning 

after their usual and custom ary last pre-m idnight dose resulting in a 10-12 hour period o f 

withdrawal. H ow ever, some patients were not be able to tolerate any period o f drug 

withdrawal. Therefore, in order to evaluate the cognitive effects o f  DBS. when it was not 

possible to test patients in the ideal "drug free" state, an attempt was made to keep drug 

dosages relatively constant across testing conditions. In the current sample, it was 

possible to test 9/21 surgical patients in all conditions following antiparkinsonian drug 

withdrawal. All o f the PD control subjects were tested following a 10-12 hour 

withdrawal o f their antiparkinsonian m edications at both testing tim es.

B. Neuropsychological Testing

In the baseline condition, subjects were administered a short battery o f standard 

neuropsychological tests 1 1-1.5 hours). For the surgical group, the second and th ird  test 

days took place an average of 13.3 (7.8 SD s) w eeks postsurgically with a mean o f 9.7 (7.7 

SD s) days betw een the two postoperative conditions. During each  o f the postsurgical
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sessions, alternate equivalent versions o f  the test battery adm inistered on the presurgical 

day. were given. One session consisted of the neuropsychological tests being 

administered while the patient's stim ulator was on and the o ther while it was turned off. 

The order o f the alternate forms o f the three randomized test batteries was 

counterbalanced across subjects, as was the order o f the postsurgical conditions 

l stim ulator on or off first). The coniroi group underwent two ic.-wing sessions >baseline 

and time 2) with an average o f 9.7 (7.4 SDs) weeks between sessions.

C. Test Batterv

The neuropsychological test battery included in the PNTDBS (M orrison et al.. 

2000b) was utilized in the present study. Several criteria were used during the 

developm ent of this battery (see list o f tests and test descriptions belowi. First, most of 

these tests are com m only used in clinical research settings and are known to be 

reasonably reliable with regard to the cognitive functions they purport to m easure. Also, 

many of them have been found to be good discrim inators o f specific deficits found in PD 

(e.g.. Raskin et al.. 1990). Second, where appropriate, the selected tests have alternate 

equivalent versions, thereby reducing practice effects. Third, the response form at for all 

tests is verbal/oral. M any other potentially appropriate tests w'ere not selected because 

they require a m otor response, and m otor movements are likely to be severely lim ited due 

to abnormal motor functioning and/or medication withdrawal. Fourth, the tests are 

relatively brief. It was anticipated that subjects would fatigue easily and that patients 

would not want to be w ithdraw n from their medications for long periods o f time. 

Therefore, w henever possible, brief tests or reliable shortened versions o f  longer tests
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were selected. Finally, standardized tests were chosen over experim ental tasks in order to 

facilitate com parison o f the d a t a  collected here w ith those from other studies that h a v e  

exam ined cognition in this population. The PN ID BS battery assesses several areas o f 

cognitive functioning, including attention, executive, memory, language, and visuospatial 

functions. The tasks were adm inistered in a fixed order to m inimize interference among 

tests.

The following functions and specific tests are included in the PNIDBS battery:

/. Attention.

Digit Span (Randt & Brown. 1984)- The Digit Span subtest consists o f 

two parts, the digits forward and digits backw ard components. These com ponents assess 

basic attention span and mental tracking abilities. The Randt M em ory Test contains five 

alternate equiv alent versions o f this subtest.

Brief Test o f Attention (BTA) (Schretlen, 1989)- This task assesses more 

sustained attention and concentration ability. The test is adm inistered via an audio tape 

and there are two parts. The listener is first required to count the num ber ot letters that 

occur in ten successively longer alphanum eric sequences. Part two requires counting the 

num ber o f  num bers that occur in the same set o f  progressively longer alphanum eric 

sequences. In order to shorten adm inistration tim e and create two alternate versions tor a 

repeatable test battery, the two parts were used individually.
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2 . M em orx.

Randt Memory Test-Pictures (Randt et al.. 1984)- This task assesses visual 

recognition m em ory of common objects, both im m ediately after presentation o f  the 

targets and after a five-minute delay. It has five alternate equivalent versions.

Randt Memory Test-Passages (Randt et al.. 1984)- This task assess 

meiiiuty for verbal material presented in the contextual format of a pr^<e p a ra g e  There 

is an im m ediate recall and a five-minute delayed recall trial. It has five alternate 

equivalent versions.

Hopkins Verbal Learning Test-R (HVLT-R) (Benedict. Schretlen. 

G roninger. &. Brandt, 1998)- m odified adm inistration- This task requires the subject to 

learn up to 12 nouns, belonging to three different sem antic categories, over three 

presentation trials. Because PD patients have been observed to learn and process 

information slow ly, two additional learning trials were added to more fully appreciate the 

learning curve. In addition, an immediate and cued recall trials were added to make the 

test more sim ilar to measures com m only used in clinical practice (e.g.. California Verbal 

Learning Test). The HVLT-R was modified and used in this study because it has six 

alternate equivalent forms to be used in a repeatable battery.

3. Lan interne.

Boston Naming Test- short version (BNT) (Mack, Freed. W illiam s. & 

Henderson. 1992 )- This task assesses confrontation naming of pictured objects. It has 

four alternate equivalent versions.
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Verbal Fluency (Benton & Ham sher. 1989)- This task requires the tim ed 

generation o f  exem plars to either phonemic or sem antic categories. For each condition, 

subjects were asked to generate words to one phonem ic cue and one semantic cue. The 

phonemic cues used were the letters C. L. and P. The semantic cues that were used were 

Food. Kitchen Items, and Occupations. These cues were random ized across conditions

. . .  . u  . . . u :  ■,
L V J l  C U C U  a> U U j C . \ - L .

Autom atized Sequences- This task is used as an assessm ent of oral m otor 

speed and includes three autom atized sequence measures, (i.e.. the num ber o f seconds 

required to recite the alphabet, the months o f the year, and num bers from 1-20). The 

average tim e to complete these three sequences was used.

4. Visuoxnatial.

Visual Form Discrimination Test (VFDT) (Benton. Hamsher. Vamev. & 

Spreen. 1983)- This task assesses basic visual perception and discrim ination abilities. It 

requires subjects to match a target array of geom etric shapes to one o f  four choices.

Judgem ent o f  Line Orientation T est- short form (JLOT) (W oodard et al.. 

1997)- This task assesses extra personal visuospatial orientation. Subjects are asked to 

judge the orientation o f target lines by visually matching them to an array o f 11 choices 

that are equally spaced across ISO degrees. There are two alternate equivalent versions.

Standardized Test o f Direction Sense (STDS) (M oney. 1976)- This task 

assesses personal visuospatial orientation by requiring the subject to mentally make right- 

left discrim inations as they follow a preselected route on a street map presented on an
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8.5" x I I "  page. In order to perform  the task the subjects m ust mentally rotate 

themselves in space in order to make the correct right-left determ inations.

5. Executive.

Odd Man Out Test (OM OT) (Richards. Cote. & Stem . 1993)- This task 

assesses cognitive set m aintenance and shifting ability and. to a lesser extent, 

conceptualization and problem  solving. Subjects are asked to identify two strategies for 

grouping objects and to switch back and forth between using these two strategies. They 

receive feedback about their responses and must use this feedback to improve their 

performance.

Stroop Color and W ord Test (SCW T) (Stroop. 1935)- This task assesses 

the ability to m aintain a cognitive response set despite the interference effect of 

competing stim ulus characteristics. Subjects were tested on three 45" trials. They were 

asked to first read color words, then say color names, and in the third trial they were 

instructed to state the color o f ink a color word is printed in instead o f reading the co lor 

word.

A lternating Verbal Fluency (Newcom be, 1969)- This task assesses 

cognitive set-shifting in the verbal modality. Subjects are first required to generate words 

beginning with the letter F for 60 seconds. During the next 60-second trial, they are 

required to generate words beginning with the letters A and S in alternation (Raskin et al.. 

1992a).
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6. Mood.

Geriatric Depression Scale (Yesavage et al.. 1983)- This is a self-report 

questionnaire o f  depression symptom s designed to account for the fact that many 

individuals may experience the vegetative sym ptom s of depression in association with 

medical conditions rather than as a result o f depressed mood.

D. Surgical Procedure.

Utilizing standard m ethods o f imaging and stereotactic techniques, the target 

coordinates were determ ined. Next, under local anesthesia, accepted methods of 

localization and stereotaxy were used to pass first a recording electrode and then a 

stim ulation electrode through frontal and subcortical structures until the target was 

reached (G erm ano & Heilbrun. 1998). The final coordinates for the implanted electrode 

were fine-tuned based on the patterns of m icroelectrode recordings, the effects o f test 

stimulation (W eisz & Yang. 1998). and intra-operative imaging. The stim ulator was 

implanted in a subclavicular. subcutaneous pocket, under general anesthesia. Follow ing 

surgery, stim ulation param eters were adjusted on an individual basis, by the treating 

neurologists, so that m axim um  clinical benefit on motor symptoms was achieved.

III. Data Analysis

A. Bilateral DBS Subjects

Because o f the unique nature o f this data set. although the sam ple size is 

som ewhat lim ited, m ultiple statistical approaches were utilized. The different approaches 

are described below. All statistical approaches were used to investigate the three separate
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objectives o f this study. The first objective was to investigate the potential cognitive 

effects o f electrode placem ent. This was done by com paring the presurgical baseline 

condition to the postsurgical stim ulation-off condition (Surgery C om parison). The 

second objective was to exam ine the effects o f chronic deep brain stim ulation. To 

accom plish this, the stim ulation-off and stim ulation-on conditions were com pared to one 

another (Stim ulation C om parison). Finally, the third objective was to explore the overall 

cognitive effects o f the DBS procedure as a whole. This was accom plished by com paring 

the presurgical baseline and stim ulation-on conditions (Procedure Com parison). In each 

o f these three com parisons, the goal was to investigate whether a greater degree o f change 

occurred in the DBS group across surgical conditions than occurred across the test re-test 

conditions o f the control group.

/. Analysis o f  Cognitive Data

a. Overview. The primary statistical approach em ployed multivariate 

analyses o f variance (M A N O V A s). This primary approach was taken in order to perform 

a relatively parsimonious analysis, given the small sample size and the large num ber o f 

variables. The secondary statistical approach exam ined the variables on an individual 

basis using univariate analyses o f variance (ANOVAs). This secondary investigation 

provided greater detail regarding how the two groups performed on each o f the measures. 

Both the primary (M A NO VA s) and secondary (ANOVAs) approaches were used to 

evaluate all three com parisons (Surgery. Stim ulation, and Procedure) and were applied to 

com posite score analyses, as well as cognitive dom ain analyses (see C. 1. and C.2. below). 

See Table I for a diagram  o f  the three comparisons.
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b. Standardization o f  the Data, in order to prepare the raw data for 

analysis, the baseline scores from  the bilateral surgical (n= 17) and control groups (n= l I ) 

were com bined (total num ber o f  subjects = 28) to generate variable means and standard 

deviations for each o f the 22 cognitive variables. These overall means and standard 

deviations were then used to standardize the data from each variable by generating z- 

scores for each subject’s raw score in all experimental conditions.

To determine w hether the standardized data m et the assum ptions o f the 

(M )AN OV A (i.e.. that the data were normally distributed and that the variances o f the 

two subject groups were not significantly different from each other), tests o f  distribution 

normality and hom ogeneity o f variance were performed. For the Surgery and Procedure 

Com parisons, the Time 1 data for the controls and the presurgical data for the DBS 

subjects served as the baseline data set. Using the standardized scores, analyses o f the 

normality o f  the distributions (Shapiro-W ilk test o f norm ality for a sample size o f <50. 

[M axwell & Delaney. 1990]) and the homogeneity o f variances between the bilateral 

DBS and control groups (Levene's Test) for each o f the 22 cognitive variables were 

performed. None o f the variables were found to have unequal variances, however, four 

variables were not normally d istributed (BNT, imm ediate and delayed RM T Picture 

Recognition, and HVLT-R delayed free recall). Log transform ations o f the HVLT-R 

delayed free recall variable allow ed for re-expression o f the scores such that they were 

normally distributed. No standard transformation technique adequately norm alized the 

RM T Picture Recognition im m ediate and delayed scores or the BNT score, therefore.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS 40

these three variables were analyzed separately using nonparam etric approaches (see 

below).

For the Stim ulation Com parison, the stim ulation-off condition served as 

the baseline for the DBS group, therefore, the same analyses o f distribution norm ality and 

hom ogeneity  o f  variances were perform ed with the control group Time 1(11 subjects) 

data and the stim ulation-off data from the DBS group (13 subjects). There were no 

hom ogeneity  o f  variance differences between the bilateral surgical and control groups for 

any o f the 22 cognitive variables. The distributions for six variables (im m ediate and 

delayed R M T Picture Recognition scores. HVLT-R total recall and recognition scores. 

STDS, and OM OT) were found to have significant departures from normality. The 

HVLT-R total recall score, the STDS score, and the OM OT score failed the Shapiro-W ilk 

test o f norm ality , but easily passed once scores were re-expressed using log 

transform ations. The HVLT-R recognition score and the RM T Picture Recognition 

im m ediate and delayed scores could not be normalized using a log transform ation, 

therefore, these three variables were analyzed separately using nonparam etric techniques 

(see below ).

c. Experimental Analyses.

1.) Composite Score Analysis- Because o f the relatively small sam ple 

sizes and the relatively large num ber o f  variables, the first statistical approach was 

conservative and sought to a) increase the power of the analyses by reducing the num ber 

o f dependent variables, and b) broadly examine whether there were changes w ithin 

particular cognitive domains for each o f  the three condition com parisons. To this end, the
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com posite score statistical approach involved com bining variables to create global 

cognitive dom ain composite scores. T hese com posite scores served as the dependent 

variables in both the primary and secondary analyses.

The primary analyses included three two-way (2x2) m ixed M ANOVAs. 

one tor each o f  the comparisons (Surgery. Stim ulation, and Procedure). The M ANOVAs 

consisted o f  one between-subjects variable (Subject Group: Bilateral DBS and PD 

Control subjects) and one w ithin-subjects variable (Condition: Condition 1 and Condition 

2). See Table 1 for a description o f each condition for each subject group. For each o f  

the three com parisons (Surgery. S tim ulation, and Procedure), a p-value o f  .05 was 

selected, and significant m ultivariate F-tests were followed by univariate two-way m ixed 

ANOVAs for each of the com posite score dependent variables.

As the focus of this prelim inary study was to investigate whether 

neuropsychological test performance changed following the DBS procedure beyond the 

inherent variability of the measures used, the secondary analyses included exam ination o f 

the C ondition (DBS- baseline, stim ulation-off. and stimulation-on: C ontrols- Tim e 1 and 

Time 2) by Subject Group (Bilateral DBS and PD Controls) interaction for the univariate 

ANOVAs for each composite score in each o f  the three comparisons (Surgery. 

Stim ulation, and Procedure). These univariate analyses were perform ed regardless o f  the 

significance o f  the MANOVA interaction effects.

To create the com posite scores, variables were first grouped into the seven 

cognitive dom ains on an a priori basis, according to the cognitive function they are 

purported to reflect (i.e.. A ttention. Language. Visuospatial. Verbal Learning. Verbal 

Recall. Recognition Memory, and Executive; see Introduction). See Table 2 for a listing
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o f  the c o g n it iv e  d o m a in s  to w h ich  e a c h  o f  th e in d iv id u al v a r ia b le s  w a s  a ss ig n e d . N e x t ,  

o n  a S L ib ject-b y-sub ject b asis, the s ta n d a rd ized  sco res  for ea c h  v a r ia b le  w ith in  a d o m a in  

w ere su m m e d  to  crea te  the c o m p o site  s c o r e s .  A ll 22  variab les w e r e  in c lu d ed . T h u s ,  

e v e ry  su b jec t h ad  s e v e n  co m p o site  sc o re  d ep en d e n t variab les fo r  e a c h  c o n d itio n .

2.) Cognitive Domain Analysis- In keeping with the preliminary nature of 

this study, an. additional more detailed a n a l y s i s  w a s  performed. W hen data reduction 

procedures are executed, as in the case o f the composite scores described above, though 

the analysis is sim plified, information regarding the details o f  each subject's perform ance 

on individual tasks is lost. Therefore, the primary and secondary statistical approaches 

were applied to the cognitive domain analyses.

T he primary approach involved performing M AN OV As tor each cognitive 

domain, using the standardized scores from the measures in that dom ain, for each o f  the 

three com parisons (Surgery. Stim ulation, and Procedure). This allowed for exam ination 

o f how the bilateral DBS subjects perform ed on the individual cognitive variables, in 

comparison to controls, while still perform ing a relatively parsim onious analysis. An 

example o f  this approach includes an A ttention MANOVA being performed for the 

Surgery. Stim ulation, and Procedure C om parisons, which com pares the control group to 

the DBS group, across two conditions, on the attention dependent variables. The 

structure o f these M ANOVAs was the sam e as that described for the com posite score 

M ANOVAs. and again, a p-value o f .05 was selected.

For the Surgery and Procedure Comparisons, o f  the three variables 

assigned to the recognition memory dom ain, only one was norm ally distributed (H V LT-R 

recognition). Therefore, instead o f a recognition memory M A N O V A . a two-way m ixed
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ANOVA for the HVLT-R recognition variable, in both comparisons, was perform ed. For 

the Stim ulation Com parison, a recognition mem ory M ANOVA could not be perform ed 

because none o f the three variables in this dom ain were normally distributed. 

Nonparam etric analysis of non-normaily distributed variables is discussed below. See 

Table 2 for which variables in which com parison were analyzed using param etric or non 

param etric procedures.

As in the case of the com posite score analyses, secondary analyses were 

also perform ed for each cognitive dom ain. The procedure was identical to that described 

above and included exam ination o f the Condition (Condition 1 and Condition 2) by 

Subject G roup (Bilateral DBS and PD Control subjects) interaction from the univariate 

ANOVA for each variable in each cognitive dom ain in all three com parisons (Surgery. 

S tim ulation, and Procedure). These univariate analyses were performed regardless o f  the 

significance of the M ANOVA interaction effects.

The variables that were re-expressed as logs were included in the above 

described prim ary and secondary cognitive dom ain analyses (i.e.. Surgerv/Procedure 

baseline: HVLT-R delayed free recall: Stim ulation baseline: HVLT-R total recall.

OM OT. and S T D S ). For the variables where log transform ations would not adequately 

norm alize the distributions, nonparam etric procedures were used to separately exam ine 

whether there was change across conditions w ithin an individual subject group and if 

there was an interaction between the m agnitude o f change across conditions and the two 

subject groups. To accom plish this, using the standardized scores, separate (one for each 

subject group) W ilcoxon Signed Ranks Tests for related samples were perform ed fo r the 

BNT and RM T Picture Recognition im m ediate and delayed scores to determ ine w hether
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there was a significant difference betw een conditions for the Surgery and Procedure 

Com parisons. For the Stim ulation Com parison, the W ilcoxon Signed Ranks Test was 

applied in the sam e m anner to the HV LT-R recognition and RM T Picture Recognition 

immediate and delayed scores. It was anticipated that there w ould  be no changes for any 

variable across conditions in the control group but that there may be changes in the DBS 

group. H o w e v e r ,  if 'here w e r e  c h a n g e s  in the control group, then interpretation o f  any 

changes that occur in the DBS group must take into account the control group finding.

T he second com ponent o f the nonparam etric analysis involved looking at 

the difference betw een the am ount o f change that occurred in each subject group across 

the conditions I i.e.. the interaction between Condition and Subject Group). This was 

exam ined by perform ing M ann-W hitney L’ Tests for independent samples on the change 

scores ( i.e.. the second condition minus the first condition) for each group. Again, for the 

Surgery and Procedure Com parisons, the variables that w ere analyzed in this m anner 

included the BNT and RMT Picture Recognition im m ediate and delayed scores, and for 

the Stim ulation Com parison the variables analyzed were the HVLT-R recognition and 

RM T Picture Recognition im m ediate and delayed scores. Significant findings would 

indicate that one group dem onstrated a greater degree o f change across conditions than 

the other.

2. A nalysis ot D epression Scores. The depressions scores were analyzed 

independently o f  the cognitive scores using a two-way (2x2) m ixed analyses o f  variance 

(ANOVA). w ith Subject G roup (DBS and PD controls) as the betw een-subject factor and 

Condition (C ondition 1 and Condition 2) as the w ithin-subjects factor, for each o f  the
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three com parisons (Surgery. Stim ulation, and Procedure). Before the A N O V A s were 

perform ed, it was determ ined that variances were not significantly different betw een the 

two groups and the data were normally distributed. For the A N O V A s. a p-value o f .05 

was selected.

- .  C n rrc lL i'.ic r .iil A m d v s i .s .  In  o r d e r  t o  i n v e s t i g a t e  w h e t h e r  s u b j e c t  c h a r a c t e r i s t i c s  

were related to the degree o f  change observed for each of the 22 cognitive variables and 

the depression score, correlations were com puted between relevant subject characteristics 

(i.e.. age in years, years o f education, estim ated premorbid IQ via the N A RT-R. Dem entia 

Rating Scale [DRS] total score, disease duration in years, and total num ber o f  electrode 

passes during the im plantation procedure1) and specific cognitive change scores from 

each o f  the three com parisons.

Demographic ( i.e.. age and years o f  education) and general intellectual 

characteristics (i.e.. IQ and performance on measures of global cognitive ability such as 

the D R S ). have all been shown to be related to the level of cognitive im pairm ent observed 

follow ing brain injury (Lezak. !9S3i. Therefore, it is possible that these dem ographic and 

general intellectual variables may be related to whether changes in cognitive functioning 

occur following a neurosurgical procedure.

In terms o f clinical characteristics, the degree o f brain injury has also been found 

to be related to the level o f post-injury cognitive impairment observed (Lezak. 1983). As 

PD is a progressive degenerative disorder, the number o f years o f  disease duration is an

1 Inform ation regarding the number o f electrode passes during surgery could  not be 
accessed for three o f  the bilateral DBS subjects
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indirect m easure o f  the severity o f striatal-nigral degeneration. The number o f recording 

electrode passes required to place the perm anent stimulating electrodes may also be an 

indirect index o f possible brain injury' sustained during DBS surgery. Therefore, it was 

also o f  interest to correlate these two clinical variables with the change scores for each of 

the three com parisons.

L s in u  the data from the bilateral DBS subject sroiin. the chance scores were 

derived by subtracting the standardized scores for each o f the 23 dependent variables 

described above in the first condition from the scores in the second condition, for each of 

the three com parisons. Except for the depression variable, positive change scores 

reflected improvem ent, and negative scores reflected decline. Three sets of Pearson 

correlations, one for each of the three com parisons, were then performed. These three 

analyses correlated the six subject characteristics described above with the 23 change 

scores associated with a particular com parison (Surgery. Stim ulation, and Procedure).

For exam ple, a negative correlation between number o f electrode passes and the HVLT-R 

total recall change score would suggest that as the number o f electrode passes increased, 

the ability  to learn verbal material across trials on the HVLT-R declined. Because o f  the 

large num ber o f correlations (i.e.. 414), the more stringent p-value of .01 was used for the 

correlation  analyses.

B. L'nilateral DBS Subjects

As only four unilateral DBS patients were available, formal statistical analyses for 

this group were not possible. Therefore, the data from these subjects were exam ined  with 

a descrip tive approach. For these unilateral DBS subjects, the data were review ed on a
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case-by-case and variable-bv-variable basis in order to identify whether their perform ance 

changed betw een conditions beyond the inherent test-retest variability o f the m easures 

used. This was accom plished by using change scores to evaluate whether the surgical 

subjects changed t from one condition to the next on each variable) to a greater extent than 

did the control group. This process o f evaluating each o f the four unilateral DBS 

subjects’ change scores, a< compared to the control group, for each variable was carried 

out for each o f  the three comparisons.

Using the raw scores from the control group (n=i I), the mean change score and 

change score standard deviation from T im e 1 to Time 2 ti.e.. Time 2 - Tim e 1 = change 

score) for each o f  the 23 measures (22 cognitive variables and one depression variable) 

were calculated. W ith these descriptive statistics, for each o f the four unilateral DBS 

subjects, change scores (condition 2 raw score - condition 1 raw score = change score) in 

each o f the three comparisons (Surgery, Stim ulation, and Procedure) were converted  to z- 

scores tor all o f  the 23 variables. In order to determine if the amount o f change observed 

in each o f the unilateral subjects was m eaningful, a criterion o f plus or minus two 

standard deviations from the control group mean tor each variable was used.

RESULTS

I. PD Control Group

The PD control group consisted o f 11 nondemented ( \ l  DRS score =  136.8 [4.2]) 

subjects o f  average intelligence (M N'ART score = 103.5 [10.0]) with m oderate to severe 

idiopathic PD (M  Hoehn & Yahr score =  3.3 [.6]). Com parison o f dem ographic and 

clinical characteristics between the control and bilateral DBS group revealed that overall.
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the two groups w ere fairly well matched. The only significant difference found betw een 

the two groups indicted that the surgical group had a higher occupational level (p = .05) 

than the controls. Dem ographic and clinical characteristics appear in Table 3. It should 

also be noted that all subjects in the control group were being considered for surgical 

treatment o f  their PD. After completing their participation in the present study, m any o f 

the PD control subjects v.ep.t on to have a surszicai procedure for treatm ent o f rheir PD 

symptoms. M ost o f  those who have not yet been operated on are currently on a surgical 

waiting list. T hus, the PD control subjects did not posses some unique clinical or 

personality characteristic that made them inherently different from subjects in the DBS 

surgical group.

O verall, there was relatively little variability observed in the perform ance o f the 

control subjects across conditions (Time 1 to T im e 2). On average, only two o f the 22 

cognitive variables resulted in a change score greater than one point and neither o f these 

exceeded 1.3 points. Depression scores also rem ained stable. The control group change 

score m eans and standard deviations for each variable appear in Table 4.

II. Bilateral DBS Group

The bilateral DBS PD group consisted o f 17 nondemented (M  DRS score = 137.8 

[5.6]) subjects o f  average intelligence (M MART score = 110.3 [8.2]) with m oderate to 

severe idiopathic PD (M Hoehn & Yahr score = 3.3 [.8]). Two subjects underw ent staged 

placement o f the stim ulating electrodes while the remaining 15 underw ent sim ultaneous 

bilateral p lacem ent. Tw o subjects had a prior history of right-sided pallidotom y several 

years prior to undergoing the DBS procedure. Thirteen o f the 17 bilateral patients were
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tested in all three experim ental conditions. Four o f  the 17 bilateral patients declined to be 

tested in the stim ulation-off condition. Tw elve patients declined to undergo the 

experim ental procedures following medication withdrawal. Therefore, they were tested 

in all conditions with their anitparkinsonian m edications. Although findings in the 

literature have been heterogeneous regarding the cognitive effects o f levodopa, a more 

recent report i M orrison. Rorod. Rrin, A O lanow . found no difference in

performance on the PNIDBS battery in the optim ally  medicated state versus the 

medication off state (i.e., following a 10-12 hour period o f PD medication w ithdrawal) in 

moderate to severe PD. Therefore, the m edicated and unmedicated bilateral DBS patients 

were combined for analysis.

A. Com posite Score Analysis

See Tables 5-7 for a listing of the p-values for the main effects o f the com posite 

score M ANOVAs and Table S for the p-values for the interaction effect from the 

composite score A N O V A s. Tables 9 and 10 list the standardized score (i.e., z-score) 

means and standard deviations for each variable, in each condition, for the control and 

bilateral DBS groups respectively.

I. Surgery Com parison. In the prim ary analyses, none o f the multivariate F-tests 

( i.e.. Condition. Subject Group, and Condition by Subject Group interaction main effects) 

for the Surgery C om parison composite score M A N O V A  were significant.

In the secondary analyses, the only univariate Condition by Subject Group 

interaction that reached significance was the attention composite score (p =  .0 3 1). In th is
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case, the controls improved (Tim e I M  = -,03[1.95]; Time 2 M = ,24[2 .2 l]), while the 

DBS subjects declined (Baseline M = .01 [2.56]; Stim ulation-off M = -1.14[2.31]) across 

conditions. There was a trend for the language composite score Condition by Subject 

Group interaction (p = .054), w herein the controls tended to stay the same across 

conditions (Tim e 1 M = -,96[2.08]; Tim e 2 M  = -.95[2.53]), while the DBS subjects 

tended to decline (Baseline M = .62[2.231: Stim ulation-off Vf = - 60[ i 44] >

2. Stim ulation Comparison. In the primary analyses, none o f  the multivariate F- 

tests for the Stim ulation Com parison composite score M ANOVA were significant, 

although there was a trend for the Condition by Subject Group interaction (p = .069).

In the secondary analyses, none of the composite score Condition by Subject 

Group interaction univariate F-tests for the Stim ulation Com parison were significant. 

There was a trend for the delayed recall composite score (p = .067). wherein the controls 

improved (Time I M = -.59[2.2S]; Tim e 2 M  = - .2 1[2.59|) and the DBS subjects declined 

(Stim ulation-off M = -.09[3.64]: Stim ulation-on M = -.81 [3.37]) across conditions.

3. Procedure Comparison. In the primary analyses, none o f  the multivariate F- 

tests for the Procedure Com parison com posite score M ANOVA were significant.

In the secondary analyses, only the delayed recall com posite score Condition by 

Subject Group interaction F-test was significant (.050). In this case, the controls 

improved (Time 1 M = -.59[2.2S]: T im e 2 M = -.21 [2.59]). and the DBS subjects 

declined (Baseline M = .3S[2.78]; Stim ulation-on M = - .8 1[3.37]) across conditions. 

There was a trend for the language com posite score Condition by Subject Group
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interaction F-test (p = .054). wherein the controls did not change (T im e 1 M = -,96[2.08]; 

Tim e 2 M = -.95[2.53]) and the DBS subjects declined (Baseline M = .62[2.23]; 

Stim ulation-on M = --63[2.71]) across conditions. There was also a trend for the verbal 

learning com posite score Condition by Subject Group interaction F-test. For this 

variable, the controls im proved (Time I M = -.48[l.72]t Time 2 M = -. 18[2.39]). while 

the DBS subjects declined (Baseline M = .32[2.861: Stimulation-on M = - SSH 6 0 ]i

B. Cognitive D om ain Analysis 

See Tables 5-7 tor a listing o f the p-values for the cognitive dom ain M A N O V A s and 

follow-up univariate F tests. Table 8 for the p-values for the interactions from the 

A N O V A s. Table 11 for standardized score (i.e., z-score) means and standard deviations 

for each variable, in each condition, collapsed across subject groups, and Table 12 for 

standardized score ( i.e.. z-score) means and standard deviations for the two subject 

groups collapsed across conditions. The Appendix contains the raw data for each 

variable in each condition.

/ .  Sureerv Com parison. In the prim ary analyses, the attention (p =  .037) and 

verbal learning (p = .023) dom ain M ANOVAs both yielded significant main effects for 

the Condition factor. Follow -up univariate analyses for the attention Condition main 

effect found that digit span backward perform ance declined across the conditions 

(Baseline/T im e 1 M = 0 .00[ 1.0]: Stim ulation-off/Tim e 2 M = -.4[ 1.06]; p = .006). There 

were no significant follow -up univariate analyses to the verbal learning Condition m ain 

effect. T he attention (p =  .022) and executive (p =  .020) domain M A N O V A s both
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resulted in significant main effects o f the Subject Group factor. Follow -up univariate 

analyses to the Subject Group main effect in the attention domain M ANOVA were not 

significant. Follow -up univariate analyses to the Subject Group main effect o f  the 

executive dom ain  M ANOVA revealed that the controls (M = .49[.67]) performed better 

than the DBS subjects (M = - .2 1[ 1.0]) on the SCW T-Interference score (p = .045). As 

two out o f  the three recognition memory dom ain dependent variables were not normally 

d istributed and required nonparam etric analyses, a univariate ANOVA was performed for 

the HV LT-R recognition score as part o f the primary data analysis. None o f the 

univariate m ain effects for this variable were significant for the Surgery Comparison.

For the variables requiring nonparam etric analysis in this com parison (BNT and 

im m ediate and delayed Picture Recognition), there were no significant differences 

between cond itions on the W ilcoxon Signed Ranks Test for the control group. For the 

DBS group, there were no significant differences between conditions for the immediate 

and delayed Picture Recognition scores. However, there was a difference for the BNT 

scores (p = .039). wherein the sum  of the negative ranks (i.e.. baseline BNT ranks > 

stim ulation-off ranks) was greater than the sum  o f the positive ranks (i.e.. baseline BNT 

ranks < stim ulation-off ranks). This pattern indicates a decline in the stim ulation-off 

condition as com pared to baseline, in the DBS group. None o f the M ann-W hitnev U 

Tests com paring  the change scores between the two groups were significant. See Table 

15 for a listing o f  the p-values for the W ilcoxon Signed Ranks Tests and Table 14 for a 

listing o f the p-values for the M ann-W hitney U Tests.

The secondary analyses yielded no significant findings, although there were a few 

trends. For the phonem ic fluency variable (p = .087), the controls im proved (Time I M  =
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- ,2 3 [.6 l]; T im e 2 M = -,12[.85]) and the DBS subjects declined (Baseline M = .15(1.18]; 

Stim ulation-ot'f M = -.26[ 1.47]) across conditions. The HVLT-R total recall scores (p = 

.058) tended to decline very slightly across conditions for the control group (i.e., .09 

standard deviations) (Time 1 M = -,26[.73]; Time 2 M  = -.35[.92]). w hile they declined 

more substantially for the DBS subjects (Baseline M = . 17[ 1.13]; S tim ulation-off M = - 

.60(1.741).

2. Stimulation Com parison. In the primary analyses, none o f  the multivariate F- 

tests for any o f the Stim ulation Com parison cognitive domain M AN OV As were 

significant. For the variables requiring nonparametric analysis, the W ilcoxon Signed 

Ranks Tests revealed no significant differences between conditions for either the control 

or DBS groups for any of the three variables (Picture Recognition im m ediate and delayed 

trials, H V LT-R recognition tr ia l). None o f the M ann-W hitney L: Tests com paring the 

change scores between the two groups were significant.

For the secondary analyses, none of the univariate Condition by Subject Group 

interactions were significant, although there were two trends. For both o f  the digit span 

variables (forward and backw ard), the controls tended to decline som ew hat (Forward- 

Tim e 1 M = . 13(1.03], Tim e 2 M = -.04[.97]; Backward- Time I M = -,23[.87], Time 2 

M = *.43[ 1.02]). while the perform ance of the DBS subjects tended to im prove somewhat 

(Forw ard- Stim ulation-off M = -,37[.S 1 ], Stim ulation-on M = -. 11 [ 1.06], p = .086; 

Backward- Stim ulation-off M = -,37[1.13], Stim ulation-on M = -. 11 [ 1.07], p = .092).
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3. Procedure Com parison. In the primary analyses, the attention (p = .020) and 

executive (p = .033) dom ain M ANOVAs for the Procedure Com parison both resulted in 

significant main effects o f the Subject Group factor. A similar pattern o f  results to what 

occurred in the Surgery C om parison was observed in the Procedure Com parison follow- 

up analyses. No significant results were obtained in the follow-up univariate analyses of 

the attention variables. Follow -up univariate analyses o f rhe executive variables asain 

found that the controls (M = ,49[.67]) performed better than the DBS subjects (M = - 

.23[ 1.05]) on the SC W T-Interference score (p = .034). For the language cognitive 

dom ain M ANOVA, there was a trend for the Condition by Subject G roup interaction 

main effect (p = .080). Again, because two out of the three recognition memory dom ain 

dependent variables were not norm ally distributed and required nonparam etric analysis, a 

univariate ANOVA was perform ed for the HVLT-R recognition score as part of the 

primary data  analyses. None o f the univariate main effects for this variable were 

significant for the Procedure Com parison.

For the variables requiring nonparametric procedures in this com parison (BNT 

and im m ediate and delayed Picture Recognition), there were no significant differences 

between conditions for e ither the control group or the DBS group using the W ilcoxon 

Signed Ranks Test. None o f  the M ann-W hitney U Tests comparing the change scores 

betw een the two groups were significant.

T he secondary analyses yielded one significant finding and three trends. The BTA 

Condition by Subject Group interaction was significant (p = .037). For this variable, the 

controls improved across conditions (Time I M = .07[.68]; Time 2 M =  .7 1[.79]). while 

the DBS subjects declined (Baseline M = -.05[1.18]; Stim ulation-on M  = -,35[1.19]).
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There w ere trends for differences across conditions for the sem antic fluency, alternating 

fluency, and HVLT-R total recall variables. For both the semantic fluency (p = .071) and 

the alternating fluency (p = .086) scores, the controls improved (sem antic fluency- Tim e 1 

M = -.22[.81], Time 2 M = -,09[.81]; alternating fluency- Tim e I M = .03[1.09], Tim e 2 

M = ,25[.82J), and the DBS subjects declined across conditions (sem antic fluency- 

Baseline M = . 14f 1.101. Stim ulation-on M = -,55[ 1.151: alternating fluency- Baseline M -  

-.01 [.97], Stimulation-on M = -.65[ 1.10]). For the HVLT-R total recall score, both 

groups tended to decline across conditions, however, the change was slight in the controls 

(Tim e 1 M = -,26[.73j; Time 2 M = -.35[.92j) and more substantial in the DBS group 

(Baseline M = . 17[1 .13]: Stim ulation-on M = -.60[1.52]) ip = .064).

C. Depression Score ANOVAs

N one of the univariate F-tests for any o f the three depression score ANOVAs 

(Surgery. Stimulation, and Procedure) were significant. See Table 15 for group means in 

each condition.

D. Correlation Analyses

1. Surzerv. Among the Surgery Comparison change scores, there were two 

significant findings. A negative correlation between the RM T Story immediate recall 

change score and the num ber of electrode passes was noted such that as the num ber of 

electrode passes increased, perform ance in the Story im m ediate recall trial declined (p =

.0 1). A negative correlation betw een the surgery change scores for the depression 

variable and estimated prem orbid IQ was also observed (p =  .001). Because an increase
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in depression scores indicates a greater number o f depression sym ptom s, this correlation 

suggested that decreasing depression levels across conditions was related to higher IQ.

2. Stim ulation. Two o f the Stim ulation Com parison change score correlations 

reached significance. The delayed recall change score from the RM T Story subtest 

increased, indicating improvem ent, as the number o f years o f disease duration increased 

ip = .01). The second finding was noted between the V FD Tchange score and the total 

num ber o f  points obtained on the DRS. As the VFDT change score increased, indicating 

im provem ent, the DRS total decreased (p = .01).

3. Procedure. Three o f the Procedure Comparison change score correlations were 

significant, and all three were in the negative direction. Performance on the digit span 

forward and the HVLT-R delayed cued recall variables declined across conditions as the 

number o f  years o f disease duration increased (p = .01). The last significant correlation 

involved a relationship between the change score on the alternating fluency task and the 

total num ber o f electrode passes. As the number o f passes increased, perform ance on the 

alternating fluency task declined across conditions (p = .01).

III. U n ila te ra l DBS P atien ts

A. PD Patient 1 i PD 1)

PD I is a 72 year-old. right handed male with 14 years o f education. Prior to 

surgery, he was not demented (DRS = 131). and he was estimated to have had average- 

range intelligence (NART-R = 103). He has a 12-year history o f PD, and at baseline
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while o ff parkinsonian medications, his Hoehn & Y ahr score was three. PD I underwent 

placement o f a stim ulating electrode in his left STN. He was tested in all pre and 

postoperative conditions following parkinsonian m edication withdrawal. See Table 16 

for dem ographic and clinical characteristics.

In the Surgery comparison, on the 23 possible measures. PD l dem onstrated a 

moderate am ount o f change (2 3 ^  >. His digit span backward score im proved, while 

performance on m easures of language functioning (nam ing and phonemic fluency) and 

verbal recall (i.e., story delayed recall and HVLT-R delayed cued recall) declined. In the 

Stim ulation Com parison, again a moderate amount o f change was observed (23f7c). His 

naming im proved, however, in several other areas, including attention, m emory, and 

executive functions (digit span backward. HVLT-R total recall, delayed picture 

recognition, and alternating fluency), performance declined. The overall effect o f the 

DBS procedure in this patient resulted in a minimal (Procedure Com parison = IS'T o f the 

measures changed) decline in performance on the measures used. M emory t HVLT-R 

delayed cued recall and delayed picture recognition) and executive variables (SCW T 

Interference and alternating fluency scores) declined in the stim ulation-on as com pared to 

baseline condition. PD l ’s depression scores were w ithin the nondepressed range tn all 

three conditions. See Table 17 for the amount of change observed in each com parison.

B. PD Patient 2 i PD2)

PD2 is a 64 year-old. right handed male with 16 years o f education. Prior to 

surgery, he was not dem ented (DRS = 136) and he was estimated to have had average 

range intelligence (NART-R = 105). He has a nine-year history of PD, and at baseline
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while o ff parkinsonian m edications his Hoehn & Yahr score was five. PD2 underwent 

placement o f a stim ulating electrode in his left STN. He was tested in all pre and 

postoperative conditions following parkinsonian m edication withdrawal. See Table 16 

for dem ographic and clinical characteristics.

M inim al change was observed in this patient across the three comparisons. 

Following surgery. PD2 dem onstrated declines in his HVLT-R total recall and in. HVLT- 

R semantic c luster scores i9 ac change). In the Stim ulation Comparison, none of the 

change scores exceeded two standard deviations from the Control Group mean. The 

overall effects o f the procedure in PD2 was decline on a measure o f verbal learning 

(HVLT total recall) and m ixed improvement (OM OT) and decline (HVLT-R semantic 

clustering) on m easures o f  executive functioning ( l4Vc change). PD2's depression scores 

were within the nondepressed range in all three conditions. See Table 17 for the amount 

o f change observed in each comparison.

C. PD Patient 3 (P D 3 )

PD3 is a 65 year-old. right-handed male with 20 years of education. Prior to 

surgery, he was not dem ented (DRS = 142) and he was estim ated to have had high 

average intelligence (N A R T-R = 111). He has a 12 year history o f PD, and at baseline 

while off parkinsonian m edications his Hoehn & Yahr score was three. PD3 underwent 

placement o f a stim ulating electrode in his right STN. He was tested in all pre and 

postoperative conditions following parkinsonian m edication withdrawal. See Table 16 

for dem ographic and clinical characteristics.
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PD3 dem onstrated minimal to m oderate am ounts o f  change. In the Surgery 

Com parison. 22ac o f  the measures significantly changed. M easures o f verbal m em ory 

(immediate and delayed story recall) and executive functioning (SCW T-Interference 

score) improved, while delayed recognition m emory for pictures declined. The 

Stimulation Com parison revealed a 277* change with som e variables im proving and 

others declining. Som e o f  the variables that im proved following surgerv. declined with 

stimulation ( i.e.. im m ediate and delayed story recall). Several additional variables 

declined in this com parison as well, including BTA, sem antic and phonemic fluency.

One measure o f executive functioning (alternating fluency) im proved in the Stim ulation 

Comparison. The overall effects o f the DBS procedure resulted in minimal change in 

PD3 i U 'T ). Phonem ic fluency and delayed picture recognition declined in the Procedure 

Comparison, while the alternating fluency variable improved. At baseline. PD 3’s 

depression scores were w ithin normal limits, however, postsurgerv with the stim ulation 

off. he scored in the m ildly depressed range. W hen tested with the stim ulation on. his 

depression score returned to within normal limits. See Table 17 for the amount o f change 

observed in each com parison.

D. PD Patient 4 (PD4)

PD4 is a 65 year-old. right-handed male with 16 years o f education. Prior to 

surgery, he was not dem ented (DRS = 130). and he was estim ated to have had average 

range intelligence (N'ART = 109). He has a 10-vear history o f  PD. and at baseline while 

off parkinsonian m edications, his Hoehn & Y ahr score was three. PD4 underwent 

placement o f  a stim ulating electrode in his left STN. He was tested  in all pre and
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postoperative conditions following parkinsonian m edication w ithdrawal. See Table 16 

for demographic and clinical characteristics.

This patient dem onstrated m inim al change across all three comparisons. In the 

Surgerv- Com parison, only sem antic fluency declined (5% change). In the Stim ulation 

Com parison, digit span backward perform ance improved, w hile delayed recall o f  the 

story declined ( 9 ^  change i. In the Procedure Com parison, his digit span forward 

improved, while verbal recognition on the HVLT-R declined for a total o f 9 ^  change. 

PD4's depression scores were w ithin the nondepressed range in all three conditions. See 

Table 17 for the am ount of change observed in each com parison.

D ISC U SSIO N

This prelim inary study sought to examine the cognitive effects of subthalamic 

nucleus deep brain stimulation. Though many institutions are studying the m otor effects 

o f this procedure, there have been very few investigations o f  the cognitive effects o f STN  

DBS. Using the m ethodology and neuropsychological test battery' described in the 

PNTDBS (M orrison et al.. 2000b). the individual effects o f electrode placement (Surgery 

Com parison), high frequency STN stim ulation (Stim ulation Com parison), and the overall 

effects of the DBS procedure as a w hole (Procedure C om parison) were studied. The 

methodology utilized is somewhat unique in that very few investigators have exam ined 

DBS subjects at baseline and postsurgically with stim ulation both  o ff and on.

Furthermore, to date, there have been no studies that have evaluated , by incorporating a 

demographicallv and clinically m atched control group, w hether there is cognitive change
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following the DBS procedure beyond the inherent variability o f the measures used to 

assess that change.

The neuropsychological test battery used (i.e., the PNIDBS) assesses functions in 

multiple cognitive dom ains, includes several measures that are sensitive to deficits 

previously found in PD patients, is brief, repeatable, and can be com pleted by patients 

with severe m otor deficits. The mean change scores observed in the PD controi group 

and the variance associated with each mean score were relatively modest, given the 

number o f points possible on each m easure (see Table 4). This suggests, at least using 

this type o f analysis, that the m easures included in the PNTDBS test battery have m inimal 

practice effects across testing sessions.

1. Surgerv Comparison

For the bilateral DBS group as a whole, the surgery for electrode placement 

appeared to have mild adverse effects on some aspects o f cognitive functioning. In the 

attention dom ain M ANOVA. there was a main effect o f Subject Group, where controls 

performed better than DBS subjects, and a main effect o f  Condition w here condition 1- 

baseline perform ance was better than condition 2-postsurgical performance. This 

condition effect appeared to be largely due to a decline in digit span forward performance 

in the com bined groups. Although the Condition by Subject G roup interaction for the 

attention dom ain M ANOVA was not significant (p = .198), an exploratory post hoc 

review o f  the baseline means for each attention variable in the two separate groups 

indicated that at baseline, the perform ance o f the two groups was very sim ilar. This 

com bined pattern o f findings suggests that the Subject G roup m ain effect was prim arily
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due to a decline in the DBS subjects in the postsurgical condition. Som e support for this 

pattern comes from the secondary analyses. The Condition by Subject Group interaction 

for the attention com posite score was significant. A review o f  the group means showed 

that the control subjects improved across conditions by nearly one third of a standard 

deviation while the DBS subjects declined by more than one standard deviation 

postsurgically.

Some aspects o f m emory functioning also appeared to be adversely affected by the 

surgery for electrode im plantation. There was a main effect o f  Condition for the verbal 

learning domain M AN OV A. Although follow-up univariate tests were not significant, 

there was a trend in the secondary analyses for the HVLT-R total recall interaction, where 

the performance o f the control group changed minimally (-.1 standard deviation) across 

conditions and the DBS group declined more substantially (nearly .8 standard deviations) 

following surgery. Interestingly, there was a negative correlation between the num ber o f 

electrode passes during surgery and performance on one of the o ther verbal learning 

measures. As the num ber o f passes increased, and hence the potential for tissue damage, 

the number o f >tory elem ents recalled immediately after presentation decreased.

For the language dom ain, while there were no significant findings in the prim ary 

analyses, there were som e interesting trends in the secondary analyses. The language 

composite score and the phonemic fluency Condition by Subject Group interactions 

tended toward significance. Again, the fam iliar pattern o f im provem ent or minimal 

change in the Control group and decline in the DBS group across conditions emerged. 

Finally, in the language dom ain, the nonparam etric analyses indicated that confrontation
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nam ing ability in the control group did not change across conditions, however, 

perform ance on this m easure by the DBS group declined after surgery.

The significant findings in the executive dom ain Surgery C om parison analyses did 

not follow the pattern seen above. The significant main effect o f  Subject Group in the 

executive domain M ANOVA appeared to be prim arily related to actual differences 

betw een tne two groups on oniy one variable. Foiiow-up univariate anal>sc«» found that 

the control group perform ed better than the DBS group on only the SC W T interference 

score. The Condition by Subject Group interaction for this variable w'as not significant.

The unilateral DBS subjects dem onstrated minimal am ounts o f change in the 

Surgery Comparison. In four subjects with 22 cognitive variables each (i.e.. SS potential 

significant changes ), only 13.6 percent o f the measures were noted to change, with 

significant decline across conditions in eight o f these 12 instances o f change. The 

m ajority o f change in the Surgery Com parison occurred in m em ory and language areas. 

All o f the significant changes in language variables and most o f the significant changes in 

m em ory variables were in the negative direction, indicating that unilateral subjects 

declined in these measures following surgery.

Although the statistical analyses o f the bilateral subjects as a group and the review  

o f the individual unilateral subject's perform ance revealed only isolated areas o f  m ild 

cognitive decline following surgery, relative to PD controls, a dram atic decline occurred 

in one o f  the bilateral subjects. The individual data for the bilateral DBS subjects were 

not reviewed, however, this patient's decline was very obvious both behaviorally and by- 

virtue o f  the fact that he was unable to com plete most o f the test battery w ith stim ulation 

o ff at 12 weeks post im plantation. He was able to complete the D igit Span, Picture
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Recognition, and Short Stories subtests o f the RM T, the BNT, and the VFDT. He was 

unable to com ply with the task dem ands on the remaining measures due to his cognitive 

im pairm ents. A postoperative M RI revealed that the electrodes were located in the STN  

and there was no evidence o f hemorrhage or infarct.

In review ing this subject’s dem ographic, general intellectual, and clinical 

characteristics, as compared to tne means o f  the biiaterai DBS group as a w noie. on mo>t 

variables, he was within I standard deviation from the group mean. In two cases, 

however, he seem ed to be different from the group (i.e.. + /-I.5  SDs). He was 14 years 

older (age 74 years) than the group mean at the time of surgery, and he was 12 years o lder 

than the group mean (age 61 years) at the tim e o f his disease onset. This subject was also 

one o f the two individuals who had undergone staged implantation and was one o f the 

five bilateral subjects tested in all conditions following PD medication withdrawal. At 

this point, it is difficult to know if a single or multiple factors put him at risk for cognitive 

decline follow ing the second procedure. The other subject in this study who underw ent 

staged placem ent o f his electrodes and the two subjects with a prior history o f right-sided 

pallidotom y did not demonstrate the dram atic changes noted in this individual. Previous 

DBS studies that have included subjects w ith prior history o f  neurosurgery have not 

reported global cognitive declines following DBS surgery (Fraix et al., 2000; Moro et al., 

2000). How ever, as will be discussed below, this may be due to the fact that most studies 

do not assess cognitive functioning in the stim ulation-off condition.

For both the bilateral DBS group and the unilateral DBS subjects, there was no 

change in the average num ber o f  depression symptom s reported. There was, how ever, an 

interesting correlation involving the Surgery Com parison depression change scores and
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baseline [Q scores. This negative correlation indicated that as IQ increased, depression 

change scores decreased. A lthough this suggests a pattern whereby the higher the IQ a 

subject has at baseline, the few er the number o f depression symptoms he/she can be 

expected to report postsurgically, such a conclusion is proposed cautiously. In this 

sample, not only is it difficult to interpret such a correlation because o f the sample size, 

but also because this significant finding may be a false positive result'. However, if it is a 

true positive finding, it may indicate that subjects with a higher IQ can expect to 

experience fewer depression symptoms following surgery than subjects w ith lower levels 

of baseline intellectual ability. This very preliminary finding will certainly have to be 

replicated before firmer conclusions can be drawn.

Overall, the observation of some cognitive decline following surgery, excluding 

any effect STN stim ulation may have, is consistent with what was hypothesized. In this 

study, decline was prim arily noted in attention, verbal learning, and language areas.

Given the trajectory o f the electrodes as the pass through the brain (i.e.. through frontal 

regions), it is not entirely surprising that functions such as attention, m ental tracking, new 

learning, and verbal fluency were somewhat negatively affected.

II. Stimulation Comparison

In the bilateral group, on average, the individual effects o f STN stimulation 

appeared to have very little effect on neuropsychological test perform ance. The 

m ultivariate analyses o f both the composite scores and the individual cognitive domains

: A total o f 414 correlations were performed. Using a p-value o f .01, approxim ately four 
o f the seven significant correlations may have occurred by chance.
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were not significant. The secondary Condition by Subject Group interaction analyses also 

revealed very minimal effects, although a few trends were noted. Digit span forward and 

backward perform ance tended to improve with stim ulation, while in the control group, 

digit span performance declined slightly across testing conditions. However, when the 

group m eans w ere reviewed, the m agnitude o f change was found to be minimal in all 

cases, t-or digit span iorward, die DBS group improved by only .26 standard deviations 

while the control group declined by .17 standard deviations. For digit span backward, 

again the DBS group improved by .26 standard deviations while the control group 

declined by -.20 standard deviations. Though the strength o f the findings for this 

com parison is not strong, the general pattern is som ew hat consistent with the available 

reports in the literature. Ardouin et al. ( 1999a) found no change in “frontal” and 

attention com posite scores at a three month follow-up, however, Jahanshahi et al. 1 1999) 

noted im provem ent with STN stim ulation on measures o f attention and concentration.

A slightly  larger trend for change was observed in the Condition by Subject G roup 

interaction for the delayed recall com posite score. In this case, the controls tended to 

improve by nearly .4 standard deviations, while the DBS subjects tended to decline by- 

more than .7 standard deviations when stim ulation was applied. Jahanshahi et al. (1998) 

reported a decline in their DBS subjects on a visual conditioned learning task with 

stim ulation on. as compared to off. however, this type o f  task is not com parable to the 

memory tasks administered to the current sample. Therefore, a direct comparison 

between the tw o findings cannot be made.

In general, the unilateral DBS subjects exhibited minimal am ounts o f cognitive 

change w hen stimulation was turned on. Am ong the unilateral subjects, across all the
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measures, only 14 percent o f  the variables changed by more than tw o standard deviations. 

Ten of the 13 variables that changed, did so in the negative direction, indicating decline 

on those measures. The changes were generally  observed in the attention, language, and 

m em ory domains. A lthough in the m em ory dom ain all of the scores that changed 

declined, there was no clear pattern o f change within the other dom ains. Decline on 

memory measures is broadly consistent with tile trend lor lower delayed recall 

performance observed in the bilateral DBS group.

In contrast to these group findings, one individual dem onstrated dram atic 

improvement when tested with the stim ulation on as compared to off. This individual 

was the subject described earlier who was not able to complete m ost o f  the test battery 

following the surgery for electrode im plantation. When tested w ith stim ulation on. he 

was able to com plete nearly all o f the tests, the one exception being the OM OT. It is 

unclear why there was such a dramatic effect o f  stimulation in this one patient. It may be 

the case that cognitive change following the administration o f STN  stim ulation is only 

observed in the severely cognitively im paired. However, there m ay potentially be 

alternate explanations for this outcom e. At the moment, there are no other repons 

describing this type o f phenomena in the literature.

Correlation o f  subject dem ographic, general intellectual, and clinical 

characteristics w ith stim ulation change scores revealed only two findings. First, there 

was a negative correlation between perform ance on a visual d iscrim ination task (VFDT) 

and baseline perform ance on a m easure o f  general intellectual functioning (DRS). This 

correlation suggests that a greater degree o f  improvement as a result o f  stim ulation was 

observed on this visuospatial task in patien ts w ith a lower baseline level o f  global
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cognitive ability. This pattern w ould not be inconsistent w ith what was observed in the 

single case described above, wherein this patient with the lowest "baseline" (in this 

com parison the stim ulation-off condition) improved the m ost as a result o f  STN  

stim ulation. The second correlation suggested that as the num ber o f years o f  disease 

duration increased, and hence the degree o f striato-nigral pathology, a greater degree o f 

im provem ent was observed or. a delayed verbal memory task. (RM T delayed stop.' recall). 

This correlation could also be considered to be broadly consistent with the other 

Stim ulation Com parison findings described above. The direction o f the correlation 

intimates that a greater level o f baseline neuropathology (and possibly im pairm ent) is 

associated w ith a greater degree o f  cognitive improvement as a result o f  high frequency 

STN stim ulation. As in the case o f  the significant Surgery Com parison correlations, the 

interpretations above are proposed cautiously as these two significant correlations may be 

among the four potential false positive findings that could be expected.

On average, the num ber o f  depression symptoms reported by the surgical patients 

appeared not to be affected by STN DBS. There were no group changes in the bilateral 

DBS subjects, and three o f the four unilateral subjects' GDS scores rem ained within 

normal lim its across the stim ulation-off and stim ulation-on conditions. In one unilateral 

subject, a m ild range GDS score was reduced to within the normal range w hen 

stim ulation was turned on. Heck, Steinvorth. Tronnier. and Fogel (2000) found no effect 

of STN stim ulation on the num ber o f  "positive” or "negative" symptoms endorsed on an 

adjective checklist. Contrary to this report and the present findings. Bejjani e t al.. (1999) 

reported a case  where stim ulation elicited a  profound depression which im m ediately 

resolved w'hen stim ulation was turned off. Their report, however, indicated that while the
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target o f  the electrodes was the STN, a postoperative M RI revealed that the electrode 

contact that elicited this effect was actually located in the substantia nigra. Therefore, it 

is d ifficult to make a com parison between their case and the lack o f change observed in 

the present study.

T he findings from the Stim ulation Com parison analyses generally conform  to the
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on cognitive functioning, although there was slight improvement on attention tasks and 

decline in delayed recall perform ance. There was one subject who experienced dram atic 

cognitive benefit from STN stim ulation and other findings that pointed to the possibility 

that STN  stim ulation may only effect cognitive change in those patients with low er 

"baseline" levels of cognitive ability. At this point, however, given the sam ple size, and 

other factors (e.g.. the possibility that some o f the findings may be false positive results), 

such a conjecture is largely speculative. It will certainly be interesting to see if this 

pattern is observed by other investigators. Prior studies have not thus far reported such 

changes, though this is likely because the stim ulation-off condition is generally not 

included in the research designs o f previous studies.

III. Procedure Comparison

T he overall cognitive effects o f the DBS procedure appeared to be isolated 

minimal declines in attention, memory, and language domains. In the attention dom ain 

there w ere subtle findings suggesting increased difficulty  with sustained attention and 

concentration following the procedure. A lthough the Subject Group main effect o f  the 

attention dom ain M ANOVA was significant, there were no remarkable findings in the
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follow-up analyses. As indicated in the discussion o f the Surgery Com parison, the 

baseline means for the two groups on the attention variables were com parable, perhaps 

suggesting that the Subject Group main effect was largely due to decline in the DBS 

group. As in the case o f the Surgery Com parison, som e support for this conclusion is 

found in the secondary analyses. These analyses found that the control group im proved 

on the dT.-\ hiiC the DBS group declined on this measure across conditions. The 

correlational analyses identified a relationship betw een decline on an attention variable 

and one o f  the subject clinical characteristics. In this case, digit span forw ard 

performance decreased as the num ber o f years o f disease duration increased.

In the m em ory domain, the primary analyses indicated no significant cognitive 

changes betw een the two groups across conditions, however, the secondary analyses 

suggested that there may actually be some subtle cognitive changes in this dom ain. There 

were trends for verbal learning to be adversely affected by the DBS procedure. For the 

verbal learning com posite score and the HVLT-R total recall score, there was minimal 

change in the control group across conditions (-. I and .3 standard deviations 

respectively), while in the DBS group both variables declined (-1.2 and -.8 standard 

deviations respectively) in the Procedure Com parison. Long-term m em ory was 

significantly affected by the procedure. The delayed recall composite score im proved in 

the control group and declined in the DBS group. One o f  the measures o f  delayed recall, 

the HVLT-R delayed cued recall variable, was significantly inversely correlated with a 

subject clinical characteristic. As the number o f  years o f disease duration increased, the 

greater the decline in delayed cued recall following the procedure. The finding o f 

reduced delayed recall performance is contrary to a previous report o f  im provem ent in
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this function following the DBS procedure (Moro et al., 1999). As both the present and 

the reported sam ples were very small and very few findings were significant, it will take 

more extensive research to determ ine how long-term  memory is affected by STN DBS.

As in the case o f the m emory domain analyses, for language variables, the primary 

analyses were unrem arkable but trends consistent with the general observation of mild 

decline foiiowing the DBS procedure were noted in the secondary analyses. For the 

language com posite and the sem antic fluency scores, there were m ild improvements in 

the control group and larger declines in the DBS group across conditions. Decline in 

verbal fluency perform ance has generally been one o f the few consistent findings in 

studies o f cognition following STN DBS (Alegret. Valldeoriola, Junque. Vendrell. & 

Tolosa. 2000: Ardouin et al.. 1999b: Moro et al., 1999).

Analysis o f the executive domain variables indicated that in general, the control 

group achieved higher SCW T interference scores than the DBS group. This outcome 

appeared unrelated to the procedure as the Condition by Subject G roup interaction for this 

variable was not significant. In the secondary analyses, the control group tended to 

improve on the alternating fluency task and the DBS group tended to decline. Decline on 

the alternating fluency task by the DBS subjects was also associated with a greater 

num ber o f electrode passes during surgery. It was hypothesized, based on animal data, 

that a "functional" lesion o f  the STN might adversely affect response control. Decline on 

the verbal set-shifting task may reflect this type o f  im pairm ent, however, the p r e v i o u s l y  

noted reductions in verbal fluency performance may also account for this effect. At this 

point, a discrim ination betw een whether the decline on the alternating fluency task
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reflects the above noted difficulty w ith verbal fluency or an additional difficulty  with 

mental control and cognitive flexibility cannot be made.

As in the case of the two o ther com parisons, for the unilateral subjects, there was 

a m inim al am ount o f cognitive change as a result o f  undergoing the DBS procedure. 

Across the subjects, only 13.6 percent (12/88 possible instances o f change) o f  the 

me ,,<i,.res c^nr'tT£,J bv rhnn r\vo '■‘tiirvJiird with nin£ 12

of change indicating decline. The majority of these changes occurred in m em ory and 

executive areas. O f the memory variables that changed, all were in the negative direction, 

and of the executive variables that changed, most were in the negative direction.

D epression scores were not affected by the procedure as a whole. There were no 

significant changes in the bilateral subjects, as com pared to controls, in the Procedure 

Com parison. Among the unilateral subjects, all depression scale scores were within 

normal lim its at both baseline and in the stim ulation-on condition. A lthough one prior 

report noted improvement in mood at the three-m onth assessment, this effect was lost at 

the 12-m onth follow-up t Ardouin et al.. 1999b). The general lack o f reduction in 

depression symptoms following the DBS procedure in the present study was surprising as 

one m ight expecte that patients w ould be less depressed with im provem ent in their motor 

functioning. Group means indicated that, on average, subjects were m inim ally depressed 

in all conditions, however, there was a great deal o f variability in the raw scores. See 

Table 15. It is possible that the m arked variability w ithin the groups in each condition 

obscured possible changes across conditions.

B ased on animal STN lesion and human STN DBS studies, it was hypothesized 

that the DBS procedure might result in decreased executive control o f  behavioral
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responding and improved delayed verbal recall. These predictions were generally not 

borne out by data from this sample. Although the DBS subjects tended to decline on a 

measure requiring controlled alternation between response sets, this decline may have 

been secondary to the observed decline in verbal fluency ability rather than to impaired 

executive control o f  responding. The measures adm inistered to these subjects could not 

distinguish betw een the two effects It was also hypothesized that delayed verba! recall 

would im prove, however, the opposite pattern em erged in the present sample. Mild 

declines in learning and recall were noted. In addition to these declines, mild worsening 

of sustained attention and mental tracking ability occurred. The correlation analyses all 

revealed a pattern whereby increased neuropathology, in terms of either longer disease 

duration o r larger numbers o f electrode passes, was associated with increased im pairm ent 

on some cognitive measures.

IV. Conclusions

In the Surgery Com parison, the general pattern o f findings suggested mild decline 

on attention, memory, and language measures. On average, in the Stim ulation 

Com parison, there was very littie cognitive change. In the Procedure Com parison, there 

was a sim ilar pattern o f cognitive change to what occurred in the Surgery Com parison, 

including mild declines in attention, memory, and language areas. This suggests that the 

procedure for electrode placement may largely account for the cognitive changes that 

followed the DBS procedure. As indicated (see Introduction above), the surgery for 

electrode placem ent involves several passes o f  the recording electrode through prefrontal 

cortex and the underlying frontal white m atter as it is maneuvered to the target. Therefore
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it is not surprising that attention and retrieval o f  episodic and sem antic knowledge, 

functions that are heavily dependant on frontal lobe integrity, were subtly affected by the 

procedure.

In contrast to the minimal changes in the group as a w hole, one subject 

dem onstrated substantial cognitive decline following surgery and better than average 

cognitive im provem ent w ith stimulation. T hough he dem onstrated m otor and cognirive 

benefit from  STN DBS. his overall decline in functioning following the procedure was 

such that he had to m ove from an independent to an assisted living situation because o f  

new im pairm ents in his ability to manage his activities of daily living. There is one o ther 

case report o f a man. 53 years old. who dem onstrated significant m otor benefit but global 

cognitive decline follow ing STN DBS (H ariz et al.. 2000). T hough the impaired subject 

from the present sam ple was older at the tim e o f  disease onset and at the time o f surgery 

than the rest of the group. Hariz et al.'s (2000) case was much younger (21 years) than this 

individual (age 72) at the time of surgery. This suggests that age is not necessarily the 

prim ary o r the sole predictive factor for the developm ent o f cognitive impairment 

following the DBS procedure.

As the present study and most o f the available reports in the literature have found 

mild to no cognitive change in most subjects following STN DBS. it may be the case that 

in general, the DBS procedure in this brain nucleus has a lim ited im pact on cognitive 

functioning. However, these conclusions m ust be viewed from the perspective o f the 

lim itations of the study. Because the present study was a prelim inary attempt to 

im plem ent a rather am bitious and com plex study design, given the patient population and 

procedure under investigation, the sample size was somewhat sm all. This sm all sam ple
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size, how ever, limited the power o f the data analyses. In addition, there w ere very few 

significant findings and these may have occurred by chance.

A second factor that may partially account for the lim ited am ount o f cognitive 

change observed relates to the test battery. The PNIDBS battery is brief, hence there was 

a limited range o f cognitive functions that were tested. It is possible that STN DBS does 

significantly affect a wider range o f cognitive functions although those functions were not 

assessed by the measures in the PNIDBS battery. Unfortunately, in order to m ake the 

battery feasible to execute to this population o f patients, all aspects o f every cognitive 

domain could not be tested com prehensibly. An additional limitation o f the test battery 

was that som e of the measures had ceiling effects (i.e.. BN'T and RMT Picture 

Recognition subtest). This limited the range o f scores and the potential for detecting 

change across conditions. Despite these limitations o f the PNIDBS battery, it is 

important to note that the present findings are generally sim ilar to those reported in other 

s tu d ie s .

A third factor that may have prevented stronger statistical findings could  be the 

heterogeneity o f several subject characteristics within the bilateral subject group. Two 

subjects had staged, as opposed to sim ultaneous, electrode implantation; tw o subjects had 

a history o r right-sided pallidotom y; and five subjects underwent all conditions following 

parkinsonian medication w ithdrawal. Although previous reports have suggested that PD 

medications have no effect on perform ance on the PNIDBS battery (M orrison et al.. 

2000a) and that subjects with a prior history o f neurosurgery do not necessarily 

dem onstrate cognitive decline following DBS (Frai.x et al.. 2000; M oro et al., 2000). it is 

unclear how' m uch variance these subject characteristics contributed to the outcom e o f  the
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present study. Future studies may wish to system atically analyze, on an a priori basis, 

whether there are differences in neuropsychological test perform ance following STN 

DBS as a result o f these factors. The present sam ple was too sm all and the risk o f Type I 

error too high, however, to perform such subanaivses.

Finally, heterogeneity of factors such as the final locations o f stimulating 

electrodes w ithin the STN and the degree o f  m otor benefit obtained from STN 

stim ulation may have also added to the variance within the bilateral group. Because the 

STN m aintains a rigorous somatotopic organization throughout, it is possible that there 

are relationships betw een cognitive changes and the location w ithin the STN that is 

stim ulated and/or the degree o f motor change that is obtained with stimulation. If a 

dram atic m otor benefit is observed, then the electrodes are more likely affecting neurons 

in one o f  the m otor prefrontal-subcortical loops described by A lexander et al. (1986). In 

this case, cognitive change would be less likely to occur. If. however, subjects derive 

little m otor change from STN stimulation, then the stimulating electrode may be affecting 

one o f the prefrontal-subcortical loops that is more involved with cognitive processes. In 

this situation, a larger degree of cognitive change might be expected to occur. 

Unfortunately, it was not possible to collect postoperative MRIs on all subjects to verify 

that electrodes were in the same area o f the STN in all subjects or to collect postoperative 

ratings on the degree o f m otor benefit each subject obtained from the procedure.

As research that seeks to improve our understanding of the cognitive effects o f  the 

deep brain stim ulation procedure continues, each o f these m ethodological and subject 

issues should  be addressed to the greatest possible degree. Finally, given the generally 

mild but som etim es significant cognitive declines following the DBS procedure observed
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in this study, tw o areas that should be addressed by future studies are imm ediately 

apparent. First, in order to assess the clinical relevance o f the cognitive declines noted in 

this and other studies, future studies should include assessment o f functioning outside the 

neuropsychology laboratory by evaluating patients’ abilities to complete activities o f  dailv 

living and their general quality o f life as com pared to presurgical levels. At this tim e, it is 

unknown if the m odest declines on neuropsychological measures following the DBS 

procedure have any impact on functioning in the daily living environment or w hether 

quality o f life is affected as a result o f  these cognitive changes. This information would 

be important to obtain both to further assess the overall impact of the DBS procedure and 

to determine how m uch of a change on neuropsychological test measures is needed before 

daily functioning is compromised. The second area that should be addressed by future 

investigations is w hether the neuropsychological changes that may occur follow ing the 

DBS procedure are transient or w hether some degree o f recovery can be expected.

Follow up of patients 1-2 years after electrode placement would address this issue. W ith 

this in mind, one-vear follow-up testing o f the DBS patients in this sample was recently 

initiated.
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Table I.

Diagram o f  the Stndv Design for Each o f  the Three Subject Group bv C ondition 

Com parisons

Com parison PD G roup i Condition I Condition 2

Surgery DBS
:

Baseline Sr. rnn

Control i

i

Time I Time 2

Stim ulation DBS Stim ulation-off Stim ulation-on

Control j Time I Tim e 2

Procedure DBS Baseline Stim ulation-on

Control Time I
..

Time 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS 79

Table 2.

Variables A ssigned to Each C ognitive Domain and W hich Variables W ere Re-e.\pressed 

as Logs o r A nalyzed Nonparam etricallv

Dom ain Cognitive variable

assigned to each domain

S urge rv/P rocedu re 

Com parison

Stim ulation

Com parison

Attention Digit Span Forward *

Digit Span Backward

B rief Test o f A ttention

Language Phonem ic Fluency

Sem antic Fluency

Boston Naming Test nonpar.

Visuospatial V isual Form Discrim ination

Judgem ent o f Line Orientation

T est o f Direction Sense log

Verbal Story-im m ediate recall

Learning HV LT-R-total recall log

HV LT-R-im m ediate cued recall

Delayed Story-delaved recall

Recall HVLT-R-delaved free recall log

HVLT-R-delaved cued  recall

(ta 3le continues)
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Dom ain Cognitive variable Surgery/Procedure Stim ulation

assigned to each dom ain Comparison Com parison

Recognition i HVLT-R-recognition nonpar.

M em ory Pictures-immediate recognition nonpar. nonpar.

Pictures-delayed recognition nonpar. nonpar.

Executive Odd Man Out Test log

SCW T-Interference

Alternating Fluency

HVLT-R-semantic clustering

Note. W here no alteration is specified, the standardized variable was retained for the 

analysis: HVLT-R- Hopkins Verbal Learning Test-Revised: log- log transform ation was 

used on this variable: nonpar.- nonparametric analysis used; SCW T- Stroop C olor and 

Word Test.
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Table 3.

Dem ographic and Clinical Characteristics o f Control and Bilateral DBS Subjects

G roup Gender Age Educ. (yrs) Occ. Age at 

Onset

Disease 

Duration (yrs)

Moehn &Yahr 

Scoret

Surgery to T 24 T1 u>T2** NART- IQ DRS

Total

DBS 13M/4F M 59.9 15.4 6.7 48.9 10.8 3.2 13.3 110.3 137.8

PD SD 7.7 2.6 1.9 7.2 3.4 .8 7.8 8.2 5.6

PD 10M /IF M 62.7 13.8 5.2 52.8 10 3.3 9.7 103.5 136.8

Controls SD 11.5 2.6 2 12.4 3 .6 7.4 10 4.2

t-test -.77 1.53 2.06 -1.05 .70 1.16 1. 22 1.95 .48

df 26 26 26 26 26 26 '“l 6 26 ~ 2 6 ~

p-value .45 .14 .05 .30 .49 .29 3 .06 .63

Note. *The num ber o f weeks from the date o f surgery to the date of the first postsurgical condition; **The num ber o f  weeks between 

the time 1 and time 2 test sessions that the controls underw ent; t  Assessed at baseline following a 12 hour withdrawal o f PD
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Table 4.

Control Group M ean Difference Scores From Time 1 to Tim e 2 for Each V ariable

M easure Possible Range* PD M ean PD SD

Digit Span Forw ard 14 -0.45 1.57

Digit Span Backward 14 -0.38 1.34

Brief Test o f A ttention 10 1.27 1.42

Phonemic Fluency nul 0.43 2.59

Semantic Fluency nul 0.68 4.17

Boston N am ing Test 15 -0.36 1.57

Visual Form Discrim ination 32 0.91 2.66

Judgem ent o f Line Orientation 15 -0.64 1.91

Test o f D irection Sense 32 -1.27 2.69

Storv-im m ediate recall 20 0.91 2.55

HVLT-R-total recall 60 -0.73 4.54

HV LT-R-im m ediate cued recall 12 0.09 2.70

Storv-delayed recall 20 0.31 1.60

HVLT-R-delayed free recall 12 0.36 2.20

HYLT-R-delayed cued recall 12 0.36 1.75

Pictures-im m ediate recognition 15 0.27 0.65

Pictures-delayed recognition 15 0.13 0.85

(table continues)
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M easure Possible Range* PD Mean PD SD

H VLT-R-recognition 24 0.55 1.57

Odd Man Out Test 40 0.04 3.10

SCW T-Interference nul -0.67 4.57

Alternating Fluency nul 0.19 0.96

HVLT-R-semantic clustering 45 0.09 4.91

Geriatric D epression Scale 30 0.82 3.71

Note. M eans are in z-seore units. ^Possible Range- total num ber o f points possible on the 

measure: Mean- the mean difference scores calculated using the standardized scores: SD- 

the standard deviations for the means; nul- no upper limit to the points possible on the 

measure: HVLT-R- Hopkins Verbal Learning Test-Revised: SCVVT- Stroop Color and 

Word Test.
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Table 5.

M A N O V A  and Follow-up ANQV'A P-values for M ain and Interaction Effects tor the 

Surgerv Com parison

Analvsis
-

M ANO VA ANO VA

Condition Subject C x S Interaction Condition Subject

Com posite

Scores

0.568 0.648 0.198

A ttention 0.037 0.022 0.141 Digit Span 

Back ward-.006

NS

Language 0.409 0.90S 0.190

V isuospatial 0.393 0.963 0.795

Verbal Learning 0.023 0.474 0.286 NS

Delayed Recall 0.418 0.735 0.415

Recognition

M em ory

n/a n/a n/a HVLT-R 

Recog- .562

HVLT-R 

Recog- .952

Executive 0.565 0.020 0.219 SCW T-I - .045

Note. M ANOVA- multivariate analysis o f variance: AN OV A- analysis o f variance: NS- 

none o f the follow-up univariate F-tests were significant: n/a- a M AN OV A was not 

perform ed for this cognitive dom ain; HVLT-R Recog- Hopkins Verbal Learning Test- 

Revised recognition score: SCW T-I- Stroop Color and W ords Test interference score.
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Table 6.

M ANOVA P-values for Main and Interaction Effects tor the Stim ulation Com parison

A nalysis M A N O  VA

Condition Subject C x S Interaction

Com posite Scores 0.657 0.743 0.069

Attention 0.242 0.108 0.137

Language 0.814 0.391 0.447

Visuospatial 0.278 0.784 0.838

Verbal Learning 0.946 0.301 0.553

Delayed Recall 0.SS3 0.358 0.357

Executive 0.976 0.077 0.858
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Table 7.

M AN OV A and Follow-up AN'OVA P-values tor Main and Interaction Effects tor the

Procedure Com parison

Analysis M ANO VA A N O  VA

Condition Subject C x S Interaction Condition Subject

Com posite

Scores

0.404 0.552 0.195

Attention 0.404 0.020 0.219 NS

Language 0.348 0.860 0.080

Vi>uospatial 0.402 0 .“'2S 0.640

Verbal Learning 0.901 0.089 0.254

Delayed Recall 0.697 0.827 0.402

Recognition

M emory

n/a n/a n/a HVLT-R 

R eco g -.939

HVLT-R 

R e c o g -.720

Executive 0.634 0.033 0.223 SCW T-I - .034

Note. M A N O V A - multivariate analysis o f variance: ANOVA- analysis o f variance: NS- 

none o f the follow-up univariate F-tests were significant: n/a- a M A N O V A  was not 

perform ed for this cognitive dom ain: HVLT-R Recog- Hopkins V erbal Learning Test- 

Revised recognition score: SCW T-I- Stroop C olor and W ords T est interference score.
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Table 8.

P-values for Condition bv Subject Group Interaction Univariate F-tests for Each Variable 

in Each Comparison

Cognitive Variable Surgery S tim ulation Procedure

A ttention Composite Score 0.031 0.234 0.187

D igit Span Forward 0.444 0.086 0.582

Digit Span Backward 0.111 0.092 0.870

Brief Test of Attention 0.113 0.660 0.037

Language Composite Score 0.054 0.900 0.054

Phonem ic Fluency 0.087 0.S52 0.124

Sem antic Fluency 0.238 0.359 0.071

Boston Naming Test nonpara. 0.154 nonpara.

V isuospatial Composite Score 0.407 0.228 0.573

Visual Form Discrimination 0.320 0.545 0.717

Judgem ent of Line O rientation 0.670 0.454 0.517

Test o f  Direction Sense 0.555 0.888 0.366

Learning Composite Score 0.105 0.420 0.071

Story-im m ediate recall 0.767 0.223 0.313

HV LT-R-total recall 0.058 0.989 0.064

HVLT-R-im m ediate cued recall 0.307 0.977 0.378

(table continues)
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Cognitive Variable Surgery Stim ulation Procedure

Delayed Recall Com posite Score 0.131 0.067 0.05

Storv-delayed recall 0.830 0.323 0.427

HVLT-R-deiaved free recall 0.155 0.180 0.335

HVLT-R-delaved cued recall 0.118 0.165 0.125

Recognition Com posite Score 0.140 0.663 0.335

Pictures-immediate recognition nonpara. nonpara. nonpara.

Pictures-delayed recognition nonpara. nonpara. nonpara.

HVLT-R-recognition 0.253 nonpara. 0.185

Executive Com posite Score 0.203 0.448 0 .1 11

Odd Man Out Test 0.42b 0.750 0.284

SCW T-Interference 0.182 0.459 0.372

Alternating Fluency 0.245 0.439 0.086

HVLT-R-semantic clustering 0.151 0.716 0.301

Geriatric Depression Scale 0.169 0.69 0.42

Note, nonpar.- nonparam etric analyses were used; HVLT-R- Hopkins Verbal Learnin 

Test-Revised; SCW T- Stroop Color and W ord Test.
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Cognitive Variable

Time 1 (n--l 1) Time 2 (n=l 1)

Min. Max. Mean SD Mm. Max. Mean SI)

Visuospatial Com posite Score -4.72 3.20 0.1 1 2.41 -5.31 3.31 -0.20 2.76

Visual Form Discrimination -2.00 1.23 0.03 1.06 -1.41 1.23 0.29 1.01

Judgem ent o f Line Orientation -1.34 1.45 0.15 0.94 -1.34 1.45 -0.1 1 0.97

Test o f Direction Sense -1.78 1.04 -0.06 0.99 -2.55 1.04 -0.39 1.37

Learning Com posite Score -3.05 1.76 -0.48 1.72 -4.46 2.52 -0.18 2.39

Story-im m ediate recall -1.60 1.07 -0.14 0.85 -0.84 1.07 0.21 0.68

HVLT-R-total recall -1.35 0.70 -0.26 0.73 -1.86 0.96 -0.35 0.92

HV LT-R-im m ediate cued recall -2.14 1.38 -0.08 1.02 -2.14 1.38 -0.04 1.07

Delayed Recall Com posite Score -5.39 1.95 -0.59 2.28 -4.91 3.04 -0.21 2.59

Story-delayed recall -1.23 1.07 -0.19 0.75 -1.56 1.39 -0.08 0.85

HVLT-R-delayed free recall -2.83 0.84 -0.23 1.09 -2.10 1.20 -0.10 1.01

HVLT-R-delayed cued recall -1.99 1.21 -0.17 0.88 -1.59 0.81 -0.02 0.87

( table c o n t i n u e s)
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Cognitive Variable

Tim e 1 (n= 1 1) Time 2 (n=l 1)

Min. Max. Mean SD Min. Max. Mean SI)

Recognition Com posite Score -5.23 2.43 -0.57 2.08 -4.09 2.43 0.01 1.7

Pictures-im m ediale recognition -0.6b 0.50 -0.08 0.37 -0.66 0.50 0.08 0.46

Pictures-delayed recognition -1.68 0.82 -0.20 0.72 -1.68 0.82 -0.09 0.79

HVLT-R recognition -2.89 1.1 1 -0.29 1.15 -1.74 1.11 0.02 0.94

Executive Com posite Score -3.86 4.44 0.19 2.21 -2.02 2.66 0.35 1.53

Odd Man Out Test -1.00 0.95 0.07 0.73 -1.59 1.34 0.08 0.85

SCW T-Inlerference -0.63 1.82 0.53 0.77 -0.70 1.33 0.45 0.59

Alternating Fluency -2.47 1.35 0.03 1.09 -1.08 1.35 0.25 0.82

HVLT-R-sem antic clustering -1.22 1.21 -0.43 0.63 -1.32 1.63 -0.42 0.81

Geriatric Depression Scale -1.26 1.78 -0.07 1.10 -1.40 2.44 0.03 1.20

Note. M eans are in /.-score units. HVLT-R- Hopkins Verbal lea rn in g  Test-Revised; SCW T- Slroop Color and W ord Test.
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Table 10.

Descriptive Statistics for Bilateral DBS Subjects in Fad) Condition

Cognitive Variable

Baseline (n= 17) Stim ulation- O ff (n =13) Stim ulation-O n (n =17)

Min. Max. Mean SI) Min. Max. Mean SD Min. Max. Mean SD

Attention Com posite Score -4.11 4.55 0.01 2.56 -5.63 2.90 -1.14 2.31 -6.33 5.34 -0.56 2.79

Digit Span Forward -1.43 1.62 -0.08 1.01 - 1 43 1.24 -0.37 0.81 -2.19 1.62 -0.1 1 1.06

Digit Span Backward -1.12 2.65 0.15 1.07 -1.66 2.11 -0.37 1.13 -2.19 2.65 -0.1 1 1.07

Brief Test o f Attention -2.20 1.59 -0.05 1.18 -3.46 1.08 -0.40 1.31 -2.96 1.08 -0.35 F. 19

Language Com posite Score -3.95 4.49 0.62 2.23 -9.07 2.76 -0.60 3.44 -6.47 3.82 -0.63 2.71

Phonem ic Fluency -2.40 2.16 0.15 1.18 -3.14 1.54 -0.26 1.47 -2.64 2.28 -0.19 1.38

Sem antic Fluency -1.84 1.73 0.14 1.10 -3.15 2.11 -0.22 1.40 -2.02 1.73 -0.55 1.15

Boston Nam ing Test -2.19 0.79 0.33 0.77 -2.79 0.79 -0.13 1.05 -2.79 0.79 0.12 0.96

(table continues)
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Cognitive Variable

Baseline (n=!7) Stim ulation- Off (n =13) Stim ulation- On (n =17)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Visuospatial Com posite Score -3.91 2.58 -0 07 1.99 -13.40 2.54 -1.20 4.61 -6.65 3.46 -0.02 2.77

Visual Form Discrimination -2 ”)9 1.23 -0.02 0.99 171 1.23 0.03 1.09 -2.00 1.23 0.09 1.14

Judgement o f Line Orientation -2. II 1.45 -0.10 1.05 -4 53 1.45 -0.45 1.85 -2.14 1.45 0.14 1.07

Test of Direction Sense -2.81 1.04 0.04 1.03 -7.17 1.04 -0.78 2.24 -2.81 1.04 0.04 1.06

Learning Com posite Score -5.10 4.81 0.32 2.86 -9.80 3.15 -0.63 3.78 -6.51 4.94 -0.88 3.60

Story-im m ediate recall -1.98 2.22 0.09 1.10 -1.98 2.22 0.40 1.13 -1.60 2.60 -0.05 1.14

HVLT-R-tolal recall -1.99 1.98 0.17 1.13 -5.07 1.08 -0.60 1.74 -3.27 1.60 -0.60 1.52

HV LT-R-im m ediate cued recall -1.64 1.38 0.06 1.02 -4.65 1.38 -0.42 1.57 -3.15 1.38 -0.28 1.40

Delayed Recall Com posite Score -6.07 3.81 0.38 2.78 -9.00 3.37 -0.09 3.64 -6.41 4.06 -0.81 3.37

Story-delayed recall -2.21 2.38 0.12 1.14 -2.21 1.72 0.23 1.22 -2.21 2.05 -0.05 1.10

HVLT-R-delayed free recall -1.73 1.20 0.15 0.94 -3.19 1.20 -0.21 1.35 -3.19 1.20 -0.44 1.31

HVLT-R-delayed cued recall -2.79 1.21 0.11 1.08 -3.59 1.21 -0.11 1.32 -2.39 1.21 -0.32 1.23

( table  c on t i n u e s )
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Cognitive Variable

Baseline (ii=I7) Stim ulation- O ff (n =13) Stim ulation- On (n =17)

Min. Max. Mean SI) Mm. Max. Mean SD Min. Max. Mean SD

Recognition Com posite Score -9.25 2.43 0.37 2.X 1 -13.5 2.43 -0.0X 4.4X -6.3 I 2.43 0.1 2.93

Pictures-im m ediate rccognii ion -4.73 0.50 0.06 1.26 0.66 0.50 0.32 0.37 -1.24 0.50 0.23 0.51

Piclures-delayed recognition -3.35 0.X2 0.13 1.15 -2 52 0.X2 0.24 1.04 -3.35 0.X2 0.03 1.27

HVLT-R recognition -1.74 1.11 0.19 O.XX -12.60 1.11 -0.64 3.74 -3.46 1.1 1 -0.16 1.60

Executive Com posite Score -6.93 5.70 -0.13 3.30 -9.07 3.20 -1.24 3.91 -10.26 2.71 -1.55 3.94

Odd Man Out 'lest -2.56 1.34 -0.05 1.16 -6.47 1.34 -0.57 2.19 -6.47 1.34 -0.73 2.41

SC W T-lnterlerence -2.63 0.94 -0.34 1.00 -1.96 I.7X -0.04 1.02 -2.45 1.32 -0.13 1.11

Alternating Fluency -1.7X 1.70 -0.01 0.97 -2.47 1.35 -0.57 1.06 -2.47 0.65 -0.65 1.10

HVLT-R-sem antic clustering -1.01 2.26 0.2X 1.1 1 -1 64 1.63 -0.06 0.96 -1.43 2.05 -0.05 1.06

Geriatric Depression Scale -1.13 1.65 0.05 0.96 -1.40 1.91 -0.23 1.11 -1.40 1.91 -0.15 1.12

Note. M eans are in /-score  unils. HVLT-R- Hopkins Verbal Learning Test-Revised; SC'WT- Stroop C olor and W ord Test.
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Table 11.

Descriptive Statistics lor Facli Variable Collapsed Across Subject Groups

Cognitive Variable

Baseline/Tim e 1 

(n=28)

S tim ula tionO ff/T une 1 

(n=24)

Slim ulation-Off/Tim c 2 

(n=24)

Slim ulalion-On/Tim e 2 

(n=28)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Attention

Com posite

-4.1 1 4.55 0.00 2.30 -5.63 3.63 -0.51 2.32 -5.63 3.63 -0.51 2.32 -6.33 5.34 -0.25 2.56

Digit Span Forward -1.81 1.62 0.00 1.00 -1.81 1.62 -0.14 0.93 -1.81 1.62 -0.22 0.88 -2.19 1.62 -0.08 1.01

Digit Span Backward -1.12 2.65 0.00 1.00 -1.66 2.11 -0.31 1.00 -2.19 2.11 -0.40 1.06 -2.19 2.65 -0.24 1.05

Brief Test o f Attention -2.20 1.59 0.00 1.00 -3.46 1.08 -0.18 1.07 -3.46 1.59 0.1 1 1.22 -2.96 1.59 0.07 1.16

Language

Com posite

4.59 4.49 0.00 2.28 -9.07 2.76 -0.76 3.00 -9.07 2.76 -0.76 3.00 -6.47 3.82 -0.75 2.60

Phonem ic Fluency -2.40 2.16 0.00 1.00 -3.14 1.54 -0.24 1.14 -3.14 1.54 -0.20 1.20 -2.64 2.28 -0.17 1.18

( tab e c o n t i n u e s)

C
ognition 

and 
STN 

DBS 
96



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Cognitive Variable

Baseline/Tim e 1 

(n=28)

Stimulalion-OIT/Time 1 

(n=24)

Slinuilation-OIT/Time 2 

(n=24)

Stim ulalion-On/Tim e 2 

(n=28)

Min. Max. Mean SD Mm. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Sem antic Fluency -1.84 1.73 0.00 1.00 -3.15 2.1 1 -0.22 1.14 -3.15 2.11 -0.16 1.14 -2.02 1.73 -0.37 1.04

Boston Nam ing Test -2.19 0.79 0.00 1.00 -2.79 0.79 -0.31 1.08 -3.98 0.79 -0.40 1.34 -.3.98 0.79 -0.21 1.30

Visuospalial

Com posite

-4.72 3.20 0.00 2.12 -13.40 3.31 0.74 .3.8.3 -13.40 3.31 -0.74 3.83 -6.65 3.46 -0.09 2.72

VFDT -2.29 1.23 0.00 1.00 -2.00 1.23 0.03 1.05 -1.71 1.23 0.15 1.04 -2.00 1.23 0.17 1.08

JLOT -2.14 1.45 0.00 1.00 -4.53 1.45 0.18 1.50 -4.53 1.45 -0.29 1.49 -2.14 1.45 -0.13 1.01

STDS -2.81 1.04 0.00 1.00 -7.17 1.04 -0.45 1.78 7.17 1.04 -0.60 1.86 -2.81 1.04 -0.13 1.19

Learning

Com posite

-5.10 4.80 0.00 2.47 -9.80 3.50 -0.56 2.96 -9.80 3.15 -0.42 3.16 -6.51 4.94 -0.61 3.15

S to ry -1 Recall -1.98 2.22 0.00 1.00 -1.98 2.22 0.15 1.02 -1.98 2.22 0.31 0.93 -1.60 2.60 0.08 0.98

HVLT-R- Total -1.99 1.98 0.00 1.00 -5.07 1.08 -0.44 1.36 -5.07 1.08 -0.49 1.40 -3.27 1.60 -0.50 1.30

( lab e c o n t i n u e s )
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Cognitive Variable

Baseline/Tim e 1 

(n=28)

Stim ulation ( ill’/Tim e 1 

(n=24)

Stim ulation-O lf/T im e 2 

(n=24)

Stim ulation-On/Tim e 2 

(n=28)

Min. Max. M ean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

HVLT-R- 1C' Recall -2.14 1.38 0.00 1.00 -4.65 1.38 -0.27 1.33 -4.65 1.38 -0.25 1.35 -3.15 1.38 -0.18 1.26

Delayed 

Recall Com posite

-6.07 3.81 0.00 2.60 -9.00 3.37 -0.32 3.04 -9.00 3.37 -0.14 3.10 -6.4 1 4.06 -0.57 3.10

Story- D Recall 2.21 2.38 0.00 1.00 -2.21 1.72 0.04 1.03 -2.21 1.72 0.09 1.06 -2.21 2.05 -0.07 0.99

HVLT-R- DF Recall -2.83 1.20 0.00 1.00 -3.19 1.20 -0.22 1.21 -3.19 1.20 -0.16 1.19 -3.19 1.20 -0.30 1.19

HVLT-R- DC Recall -2.79 1.21 0.00 1.00 -3.59 1.21 -0.14 1.12 -3.59 1.21 -0.07 1.11 -2.39 1.21 -0.20 1.10

Recognition

Com posite

-9.25 2.43 0.00 2.55 -13.53 2.43 -0.31 3.50 -13.53 2.43 -0.04 1.40 -6.31 2.43 0.06 2.50

Pictures- 1 Recog. -4.73 0.50 0.00 1.00 -0.66 0.50 0.14 0.41 -0.66 0.50 0.21 0.42 -1.24 0.50 0.17 0.49

Pictures- D Recog. -3.35 0.82 0.00 1.00 -2.52 0.82 0.04 0.92 -2.52 0.82 0.09 0.93 -3.35 0.82 -0.07 1.09

HVLT-R- Recog. -2.89 1.11 0.00 1.00 -12.60 1.11 -0.48 2.81 -12.60 l.l  1 -0.34 2.79 -3.46 1.11 -0.09 1.36

(tub e c o n t i n u e s)
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Cognitive Variable

Baseline/Tim e 1 

(n=28)

Stimulatioii-OIT/Timc 1 

(n=24)

Stim ulation-O lf/T im e 2 

(n= 24)

Stim ulation-Ou/Tim e 2 

(n=28)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Executive

Com posite

-6.93 5.70 ().()() 2.88 -9.07 3.20 -0.51 3.11 -9.07 3.20 -0.51 3.11 -10.26 2.71 -0.80 3.31

OM OT -2.56 1.34 0.00 1.00 -6.47 1.34 -0.27 1.69 -6.47 1.34 -0.27 1.71 -6.47 1.34 -0.41 1.97

SCW T- Interference -2.63 1.82 0.00 1.00 -1.96 1.82 0.22 0.94 -1.96 1.78 0.18 0.87 -2.45 1.33 0.10 0.97

A lternating Fluency -2.47 1.70 0.00 LOO -2.47 1.35 -0.30 1.09 -2.47 1.35 -0.20 1.02 -2.47 1.35 -0.30 1.08

HVLT-R- Sent. Cl. -1.22 2.26 0.00 LOO -1.64 1.63 -0.23 0.83 -1.64 1.63 -0.23 0.90 -1.43 2.05 -0.19 0.97

GDS* -1.26 1.78 0.00 LOO -1.40 1.91 - 0 . 15 1.08 -1.40 2.44 -0.10 1.14 -1.40 2.44 -0.08 1.13

Note. M eans are in /.-score units. *Higher /.-score represents a greater num ber ol' depression symptom s; VFDT-Visual Form Discrim ­

ination Test; JI.OT- Judgem ent o f Line Orientation; STDS- Standardized Test o f Direction Sense; 11VI T-R- Hopkins Verbal Learning 

Test-Revised; I- imm ediate; 1C'- im m ediate cued; D- delayed; DF- delayed free; DC’- delayed cued; Recog.- recognition; OM OT- Odd 

Man Out Test; SC'WT- Stroop Color and W ord l est; Sent. Cl.- semantic clustering score; CDS- O eriatiic Depression Scale.
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Table 12.

Descriptive Statistics lor Each Variable Collapsed Across Conditions

Cognitive Variable

Time 1/Time 2 (n= 22) Surgery (n = 26) Stim ulation (n = 2 6) Procedure (n = 34)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SI) Min. Max. Mean SD

Attention

Com posite

-3.10 3.76 0.10 2.04 -5.63 4.55 -0.43 2.56 -6.33 5.34 -0.54 2.61 -6.33 5.34 -0.27 2.65

Digit Span Forward -1.81 1.62 0.04 0.98 -1.43 1.62 -0.17 0.96 -2.19 1.62 -0.21 1.00 -2.19 1.62 -0.10 1.02

Digit Span Backward -2.19 1.57 -0.33 0.93 -1.66 2.65 -0.02 1.17 -2.19 2.65 -0.15 1.14 -2.19 2.65 0.02 1.07

Brief Test o f Attention -0.94 1.59 0.39 0.79 -3.46 1.59 -0.24 1.23 -3.46 1.08 -0.18 l . l  1 -2.96 1.59 -0.20 1.17

Language

Com posite

-5.48 2.20 -0.96 2.26 -9.07 4.49 0.09 2.94 -9.07 3.82 -0.55 3.14 -6.47 4.49 0.00 2.53

Phonemic Fluency 1.53 1.30 -0.18 0.72 -3.14 2.16 0.00 1.32 -3.14 2.28 -0.18 1.40 -2.64 2.28 -0.02 1.27

Sem antic Fluency -1.46 1.36 -0.16 0.79 -3.15 2.11 -0.01 1.22 -3.15 2.11 -0.36 1.30 -2.02 1.73 -0.21 1.16

( tab le c on t i nues )
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Cognitive Variable

Tim e I/Tim e 2 (n=22) Surgery (n - 2 b ) Stim ulation (n = 2 bi Procedure (n = 34)

Min. Max. M ean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Delayed 

Recall Com posite

-5.39 3.04 -0.40 2.30 -0.00 3.81 0.31 3.00 -0.00 4.06 -0.56 3.51 -6.41 4.06 -0.21 3.10

Story- D Recall -1.5b 1.30 -0.14 0.78 -2.21 2.38 0.22 1.20 -2.21 2.05 0.10 1 12 -2.21 2.38 0.04 1.11

HVLT-R- DL Recall -2.K3 1.20 -0. lb 1.03 -3.10 1.20 0.00 1.14 3.10 1.20 -0.3b 1 35 -3.10 1.20 -0.14 1.16

IIVLT-R- DC Recall -1 .99 1.21 -0.10 0.8b -3.50 1.21 0.08 1.10 -3.50 1.21 -0.30 1 20 -2.70 1.21 -0.10 1.16

Recognition

Com posite

-5.23 2.43 -0.28 1.87 -13.53 2.43 0.57 3.28 -13.53 2.43 0.00 3 61 -0.25 2.43 0.23 2.83

Pictures-1 Recog. -O.bb 0.50 0.00 0.41 -O.bb 0.50 0.34 0.31 -O.bb 0.50 0.30 0.37 -4.73 0.50 0.14 0.05

Pictures- D Recog. -1.68 0.82 -0.15 0.74 -2.52 0.82 0.40 0.70 -3.35 0.82 0.14 1.11 -3.35 0.82 0.08 1.19

HVLT-R- Recog. -2.89 1.11 -0.13 1.04 -12.60 1.11 -0.17 2.70 -12.60 l.l  1 -0.45 2.83 -3.46 1.11 0.01 1.28

(table continues)
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Cognitive Variable

Time I/Tim e 2 (n=22) Surgery (u = 2 6 ) Stim ulation (n = 2 6) Procedure (n = 34)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Executive

Com posite

-3.86 4.44 0.27 1.86 -0.07 4.10 -0.73 3.53 -10.26 3.20 -1.50 3.06 -10.26 5.70 -0.84 3.65

OM OT -1.59 1.34 0.08 0.77 -6.47 1.34 -0.32 1.74 6.47 1.34 0.74 2.38 -6.47 1.34 -0.39 1.80

SCW T- Interference -0.70 I.H2 0.40 0.67 -2.63 1.78 -0.21 1.00 -2.45 1.78 0.03 1.04 -2.63 1.32 -0.23 1.05

Alternating Fluency -2.47 1.35 0.14 0.05 -2.47 1.35 -0.36 1.03 -2.47 1.35 -0.60 1.00 -2.47 1.70 -0.33 1.07

HVLT-R- Sem. Cl. -1.32 1.63 -0.43 0.71 -1.64 2.26 0.15 1.00 -1.64 2.05 -0.10 0.05 -1.43 2.26 0.12 1.08

GDS* -1.40 2.44 -0.02 1.12 -1.40 1.01 -0.07 1.02 -1.40 1.01 -0.18 1.10 -1.40 1.91 -0.18 1.10

Note. M eans are in /-sco re  units. *Higher /-sco re  represents a greater num ber o f depression sym ptom s; VFD'l - Visual Form 

Discrim ination Test; Jl.O T- Judgement of l.ine Orientation; STDS- Standardized Test o f Direction Sense; IJVLT-R- Hopkins Verbal 

Learning Test-Revised; I- immediate; 1C- im m ediate cued; D- delayed; DF- delayed free; DC- delayed cued; Recog.- recognition; 

OM O T- Odd Man Out Test; SCW T- Stroop Color and Word Test; Sent. Cl.- sem antic clustering score; CJDS- (leriatric Depression 

Scale.
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Table 13.

P-values for W ilcoxon Signed R ank Tests

Variable

PD Control DBS PD

T im el/T im e2 Surgery Stimulation Procedure

Boston N am ing Test 0.431 0.039 0 197

Picture R ecognition- immediate 0.18 0.655 0.739 0.726

Picture Recognition- delayed 0.51 0.157 0.429 0.819

HVLT-R- recognition 0.271 0.72

Note. H V LT-R- Hopkins Verbal Learning Test-Revised.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cognition and STN DBS

Table 14.

P-values to r M ann-W him ev L~ Tests

Variable Surgery Stim ulation Procedure

Boston N am ing Test 0.476 0.961

Picture Recognition- immediate 0.19 0.657 0.445

Picture Recognition- delayed 0.166 0.343 0.529

HVLT-R- recognition 0.29

Note. HV LT-R- Hopkins Verbal Learning Test-Revised.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 15.

Descriptive Statistics tor Raw Geriatric Depression Scale Scores in Each Condition

Group Condition N Min. Max. M ean SD

DBS Baseline 17 23 10.9 7.28

S tim ulation-off 13 0 25 8.83 8.41

Stim ulation-on 17 0 25 9.44 8.49

PD Control Tim e 1 11 1 24 10 8.28

Tim e 2 11 0 29 10.8 9.05

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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T a b l e  16.

D einom aphic and Clinical Characteristics o f Unilateral DBS Subjects

Subject Gender Age Educ.

(yrs.)

Occ. Age at 

Onset

Disease 

Duration (yrs.)

Uoehn &Yahr 

Score"1

Surgery 

to T2**

NART-

IQ

DRS

Total

Side of 

Surgery

PD1 M 72 14 6 61 12 3 4 103 131 Ix li

PD2 M 64 16 9 55 9 5 5.3 105 136 Left

PD3 M 65 20 9 53 12 3 3.9 111 142 Right

PD4 M 65 16 7 55 10 3 4 109 139 Left

Note. * Assessed at baseline following a 12 hour withdrawal o f  PD m edications; **The num ber o f weeks from the date o f surgery to 

the date o f the first poslsurgieal condition; Educ.- education in years; Occ.- occupational status on a nine point scale (Hollingshead, 

1977); T2- first poslsurgieal testing; NART- National Adult Reading Test (B lair et a!., 1989); DRS- Dem entia Rating Scale (M atlis, 

1988).
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Tabic 17.

The Amount o f Change (in S l)s) ihal Had) Unilateral DBS Subject P e n n >nstralcd in the Three Com parisons

M easure PD 1

Surg

PD2

cry

1*1)3 PI) I P l)l

Stimul

1*1)2

alinn

Pl)3 1*1)4 1*1)1

Proce

PD2

dure 

PI >3 1*1)4

Digit Span Forward -0.35 -0.35 0.92 0.92 -0.35 0.92 -0.35 1.56 -0.99 0.29 0.29 2.20

Digit Span Backward 3.27 0.28 0.28 -0.46 -2.70 -0.46 0.28 2.52 0.28 -0.46 0.28 1.78

Brief Test o f Attention -0.89 -1.60 0.51 -0.89 -1.60 -0.19 -2.30 -0.19 -1.60 -0.89 -0.89 -0.19

Piclures-iinm ediale recognition 1.12 -1.95 -0.42 -0.42 -1.95 1.12 -1.95 -0.42 -0.42 -0.42 -1.95 -0.42

Pictures-delayed recognition -0.15 1.02 -3.68 -0.15 -2.51 -0.15 -1.33 -0.15 -2.51 1.02 -4.86 -0.15

Story-im m ediate recall -1.14 1.21 3.17 -0.36 0.82 -1.93 -4.67 -1.53 0.04 -0.36 -1.14 -1.53

Story-delayed recall -2.69 0.43 2.31 0.43 1.68 -0.19 -3.32 -2.07 -0.82 0.43 -0.82 -1.44

HV LT-R-tolal recall 1.70 -2.92 -0.94 -0.06 -2.70 0.16 -0.06 -0.94 -1.16 -2.92 -1.16 -1.16

HV LT-R-inim cdiate cued recall -1.51 0.34 -0.77 n/a 0.34 0.34 0.34 -0.40 -1.14 0.71 -0.40 n/a

( table  cont inu es)
ooo
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Measure PD1

Surg

PD2

ery

PD3 PD4 PD)

Stimul

PD2

alinn

PD3 PD4 PDI

Proce

PD2

dure

PD ) PD4

HVLT-R-delayed free recall -0.16 0.29 -1.07 0.29 -1.98 -0.62 1.20 -0.62 -1.98 -0.16 0.29 -0.16

HVLT-R-delayed cued recall -2.49 -1.35 -1.92 -0.21 -0.78 0.37 1.51 -0.78 -3.06 -0.78 -0.21 -0.78

HVLT-R-recognilion -1.62 -0.35 -0.99 -1.62 0.29 -0.35 0.92 -0.99 -0.99 -0.35 0.29 -2.26

Phonem ic Fluency -2.29 -0.17 -0.36 0.22 1.19 -0.36 -2.29 0.03 -0.94 -0.36 -2.48 0.41

Sem antic Fluency -1.60 -0.16 1.76 -2.56 -0.40 1.52 -2.80 1.76 -1.84 1.52 -0.88 -0.64

Boston Nam ing Test -2.96 0.23 0.87 0.87 2.78 0.23 -0.41 -1.04 -0.41 0.23 0.23 -0.41

Visual Form Discrimination -1.09 - 1.09 -0.72 -0.72 0.03 0.79 -0.34 0.41 -0.72 0.03 -0.72 0.03

Judgem ent o f Line Orientation -0.19 1.38 -0.19 -1.24 -0.19 -0.71 1.38 -0.19 -0.71 0.34 0.86 -1.76

Test of Direction Sense 1.22 0.47 0.47 0.10 -0.64 0.47 -0.27 -1.01 0.10 0.47 -0.27 -1.39

Odd Man Out Test -0.98 1.28 0.31 -0.66 -0.01 0.95 0.31 0.63 -0.98 2.25 0.63 -0.01

SCW T-Interference -1.28 -0.28 2.00 -0.18 -1.20 -0.60 -0.02 -1.09 -2.63 -1.03 1.83 -1.42

Alternating Fluency 1.68 -0.20 -1.75 0.73 -3.94 -1.44 4.16 -0.20 -2.06 -1.44 2.60 0.73

( tab le  cont in ues)
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APPENDIX

Table A.

Control G roup Raw Data

C ognitive Variable

T im e 1 (n=l I) Time 2 i n= 11)

M in. Max. Mean SD Min. Max. M ean SD

Digit Span Forw ard 4.00 13.00 9.09 2.70 4.00 13.00 8.64 2.54

Digit Span Backward 4.00 9.00 5.65 1.62 2.00 9.00 5.27 1.90

Brief Test o f  A ttention 5.00 9.00 7.00 1.34 6.00 10.00 8.27 1.56

Phonemic Fluency 7.00 15.00 11.80 2.46 7.00 18.00 12.23 3.45

Semantic Fluency 9.00 21.00 15.59 4.31 11.00 24.00 16.27 4.31

Boston N am ing Test 10.00 15.00 12.82 1.89 7.00 15.00 12.45 2.70

Visual Form  Discrim ination 21.00 32.00 27.91 3.62 23.00 32.00 28.82 3.46

Judgem ent o f Line Orientation 8.00 15.00 11.73 2.37 8.00 15.00 11.09 2.43

Test o f D irection Sense 21.00 32.00 27.73 3.88 18.00 32.00 26.45 5.34

Story-im m ediate recall 3.00 10.00 6.82 2.23 5.00 10.00 7.73 1.79

HVLT-R-totai recall 29.00 45.00 37.55 5.72 25.00 47.00 36.82 7.19

H V LT-R-im m ediate cued recall 5.00 12.00 9.09 2.02 5.00 12.00 9.18 2.14

Story-delayed recall 3.00 10.00 6.18 2.27 2.00 11.00 6.49 2.58

HV LT-R-delayed free recall 1.00 11.00 8.09 2.98 3.00 12.00 8.45 2.77

HVLT-R-delayed cued recall 4 .00 12.00 8.55 2.21 5.00 11.00 8.91 2.17

(table continues)
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Cognitive Variable

Time I (n= l I) Time 2 (n = l I)

Min. Max. M ean SD M in. Max. M ean SD

Pictures-im m ediate recognition 13.00 15.00 14.00 0.63 13.00 15.00 14.27 0.79

Pictures-delayed recognition 12.00 15.00 13.78 0.87 12.00 15.00 13.91 0.94

HV LT-R-recognition 17.00 24.00 21.55 2.02 19.00 24.00 22.09 1.64

Odd M an Out Test 2S.00 38.00 33.50 3.72 25.00 40.00 33.55 4.37

SCW T-Interference -3.05 17.06 6.46 6.28 -3.59 13.02 5.79 4.86

Alternating Fluency -1.52 1.76 0.62 0.94 -0.33 1.76 0 .8 1 0.70

HVLT-R-sem antic clustering 4.00 27.00 11.45 5.99 3.00 31.00 11.55 7.72
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Table B.

DBS Group Raw Data

Cognitive Variable

Baseline (n=17) Stim ulation- O ff (n =13) Stim ulation- On (n =17)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Digit Span Forward • 5.00 13.00 8.53 2.65 5.00 12.00 7.77 2.13 3.00 1 L00 8.47 2.79

Digit Span Backward 4.00 11.00 6.35 2.00 3.00 10.00 5.38 2.10 2.00 11.00 5.88 2.00

B rief Test o f Attention 2.50 10.00 6.76 2.33 0.00 9.00 6.08 2.60 1.00 9.00 6.18 2.35

Phonem ic Fluency 3.00 21.50 13.32 4.80 0.00 19.00 11.69 5.98 2.00 22.00 11.94 5.59

Sem antic Fluency 7.00 26.00 17.53 5.87 0.00 28.00 15.62 7.42 6.00 26.00 13.82 6.10

Boston Nam ing Test 10.00 15.00 14.24 1.30 y.(X) 15.00 13.46 1.76 9.00 15.00 13.88 1.62

Visual Form Discrim ination 20.00 32.00 27.76 3.38 22.00 32.00 27.92 3.71 21.00 32.00 28.12 3.90

Judgem ent o f Line Orientation 6.00 15.00 11.12 2.64 0.00 15.00 10.23 4.64 6.00 15.00 11.00 2.69

Test o f Direction Sense 17.00 32.00 28.12 4.03 0.00 32.00 24.92 8.73 17.00 32.00 28.12 4.15

( table c o n t i n u e s )
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Cognitive Variable

Baseline (n= !7 ) Stim ulation- O ff (n =13) Stim ulation- On (n =17)

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

Story-im m ediate recall 2.00 13.00 7.44 2.89 2.00 13.00 8.23 2.95 3.00 14.00 7.18 2.98

HVLT-R-total recall 24.00 53.00 40.83 8.81 0.00 48.00 34.85 13.55 14.00 52.00 34.88 11.84

HVLT-R-iinm ediate cucd recall 6.00 12.00 9.38 2.03 0.00 12.00 8.42 3.12 3.00 12.00 8.7) 2.78

Story-delayed recall 0.00 14.00 7.13 3.48 0.00 12.00 7.46 3.73 0.00 13.00 6.59 3.36

HVLT-R-delayed free recall 4.00 12.00 9.13 2.57 0.00 12.00 8.15 3.69 0.00 i ii.oo 7.53 3.57

HVLT-R-delayed cued recall 2.00 12.00 9.25 2.70 0.00 12.00 8.69 3.30 3.00 12.00 8.18 3.09

Pictures-im m ediate recognition 6.00 15.00 14.24 2.17 13.00 15.00 14.69 0.63 12.00 15.00 14.53 0.87

Pictures-delayed recognition 10.00 15.00 14.18 1.38 1 1.00 15.00 14.31 1.25 10.00 1 5.00 14.06 1.52

HVLT-R-recognition 19.00 24.00 22.38 1.54 0.00 24.00 20.92 6.54 16.00 24.00 21.76 2.80

Odd Man Out l est 20.00 40.00 32.88 5.95 0.00 40.00 30.23 11.22 0.00 40.00 29.41 12.33

SCW T-lnterference -19.38 9.81 -0.67 8.21 -13.91 16.68 1.77 8.36 -17.96 12.96 1.09 9.09

( table  c o n t in u e s)
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