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Abstract

Parkinson's disease (PD) is characterized by asymmetric motor symptom onset attributed to 

greater degeneration of dopamine neurons contralateral to the affected side. However, whether 

motor asymmetries predict cognitive profiles in PD, and to what extent dopamine influences 

cognition remains controversial. This study evaluated cognitive variability in PD by measuring 

differential response to dopamine replacement therapy (DRT) based on hemispheric asymmetries. 

The influence of DRT on cognition was evaluated in mild PD patients (n = 36) with left or right 

motor onset symptoms. All subjects were evaluated on neuropsychological measures on and off 

DRT and compared to controls (n = 42). PD patients were impaired in executive, memory and 

motor domains irrespective of side of motor onset, although patients with left hemisphere deficit 

displayed greater cognitive impairment. Patients with right hemisphere deficit responded to DRT 

with significant improvement in sensorimotor deficits, and with corresponding improvement in 

attention and verbal memory functions. Conversely, patients with greater left hemisphere 

dopamine deficiency did not improve in attentional functions and declined in verbal memory 

recall following DRT. These findings support the presence of extensive mild cognitive deficits in 

early PD not fully explained by dopamine depletion alone. The paradoxical effects of levodopa on 

verbal memory were predicted by extent of fine motor impairment and sensorimotor response to 

levodopa, which reflects extent of dopamine depletion. The findings are discussed with respect to 

factors influencing variable cognitive profiles in early PD, including hemispheric asymmetries and 

differential response to levodopa based on dopamine levels predicting amelioration or overdosing.
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INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disorder identified by cardinal motor 

features of tremor, rigidity, bradykinesia and postural instability, with initial unilateral motor 

symptom presentation for at least half the patients persisting long after the disease becomes 

bilateral (Djaldetti, Ziv, & Melamed, 2006; Uitti, Baba, Whaley, Wszolek, & Putzke, 2005). 

This motor asymmetry has been attributed to asymmetric degeneration of dopaminergic 

neurons of the dorsal striatal projections including the posterior putamen, with a close 

relationship between side of motor onset and motor dysfunction (Haaxma et al., 2010; 

Middleton & Strick, 2000a, 2000b). Although there are additional ventral striatal 

dopaminergic projections connected to orbitofrontal, dorsolateral prefrontal, anterior 

cingulate and inferotemporal cortices, it remains controversial how asymmetric 

dopaminergic depletion influences cognition (Verreyt, Nys, Santens, & Vingerhoets, 2011). 

In part, this controversy has been maintained by differences in response to dopamine 

replacement therapy (DRT) based on cognitive task demands, and disagreement regarding 

whether the laterality of motor impairment predicts cognitive profiles in PD (Cools, 2006; 

Poletti et al., 2012; Verreyt et al., 2011).

There is substantial evidence documenting the presence of mild cognitive deficits early in 

PD, although the underlying neuropathology remains controversial. Recent evidence 

suggests that cognitive impairment present in the early stages of PD cannot be fully 

explained by dopamine depletion alone (Hanna-Pladdy, Jones, Cabanban, Pahwa, & Lyons, 

2013; Tomer, Aharon-Peretz, & Tsitrinbaum, 2007). In addition to dopamine, many other 

contributing factors to cognitive deficits in PD have been considered including structural 

changes in both cortical and subcortical regions, genetic variation in the COMT gene, 

amyloid plaques, alpha-synuclein, tau protein, and involvement of other neurotransmitter 

systems including GABA (Beyer, Janvin, Larsen, & Aarsland, 2007; Braak et al., 2003; 

Buongiorno, Compta, & Marti, 2011; Gomperts et al., 2013; Ibarretxe-Bilbao, Junque, 

Marti, & Tolosa, 2011; Luciana, Collins, & Depue, 1998). Nonetheless, since therapy with 

levodopa has been demonstrated to modify cognition, it is critical to first clarify the role of 

dopamine in cognitive functioning to discriminate pathophysiological mechanisms 

mediating motor and nonmotor features of PD (Cools, 2006; Verreyt et al., 2011).

Numerous investigations have evaluated cognition in PD, and have attempted to explain 

differential DRT effects based on task demands, although the disease duration and dopamine 

dose have not been well accounted for across studies (Beato et al., 2008; Cools, Barker, 

Sahakian, & Robbins, 2001, 2003; Fera et al., 2007; Fournet, Moreaud, Roulin, Naegele, & 

Pellat, 2000; Gotham, Brown, & Marsden, 1986; Jahanshahi, Wilkinson, Gahir, 

Dharmarinda, & Lagnado, 2010). Since dopamine depletion is evident earlier in dorsolateral 

areas than in ventral areas (Kish, Shannak, & Hornykiewicz, 1988), it has been suggested 

that DRT that ameliorates motor dysfunction might have a detrimental effect on specific 

cognitive tasks related to overdosing (Cools, 2006; Cools et al., 2001). Thus, it has been 

hypothesized that variable effects of dopamine treatment on distinct cognitive processes 

relate to differential reliance on dorsal and ventral striatum.
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Dorsal striatum tasks including planning, switching, set shifting, and category judgments 

have demonstrated enhancement following dopaminergic therapy (for review, see 

Macdonald & Monchi, 2011). Most of these studies have focused on attentional and 

executive tasks, with very few studies evaluating memory encoding and retrieval on and off 

medications and with inconsistent findings (Drag, Bieliauskas, Kaszniak, Bohnen, & Glisky, 

2009; Edelstyn, Shepherd, Mayes, Sherman, & Ellis, 2010; MacDonald et al., 2013). 

However, detrimental effects for ventral striatum tasks involving implicit and explicit 

learning and reversal learning have been also been documented (Cools et al., 2001; 

Jahanshahi et al., 2010). While memory encoding can rely on attentional and executive 

functions which might be influenced by dopamine, the effects of dopamine replacement on 

memory retrieval and VTA innervated regions such the limbic system remain unclear.

Other investigations have tried to explain the variability in cognitive presentation in PD 

through examination of patterns of cognitive dysfunction reflective of hemispheric 

asymmetries in dopamine depletion based on the side of motor symptom onset (Amick, 

Grace, & Chou, 2006; Katzen, Levin, & Weiner, 2006; Tomer et al., 2007; Verreyt et al., 

2011). If asymmetric nigral cell loss implicated in asymmetric motor presentation is also 

responsible for cognitive deficits, then differential patterns of cognitive impairment based on 

hemispheric specialization could be evident. However, the literature has revealed a wide 

range of cognitive profiles based on motor symptom onset, in particular for patients in the 

early stages of the disease (Poletti et al., 2013; Tomer et al., 2007; Williams et al., 2007). In 

fact, contrary to other studies suggesting greater cognitive deficits with left hemisphere 

involvement, some studies have suggested there is greater cognitive impairment with right 

hemisphere involvement and after dopamine replacement for tasks mediated by the less 

affected side, suggesting a detrimental overdosing effect (Bentin, Silverberg, & Gordon, 

1981; Tomer et al., 2007; Tomer, Levin, & Weiner, 1993). It is conceivable that medication 

effects may interact with asymmetry to determine cognitive outcomes although the 

complexity of this interaction remains uncertain (Cools, 2006; Gotham et al., 1986; Gotham, 

Brown, & Marsden, 1988).

The specific role of dopamine in cognition remains controversial since previous 

investigations have revealed both improvement and detrimental effects in PD depending on 

task demands, as well as differential profiles related to side of motor onset (Cools et al., 

2001, 2003; Gotham et al., 1986; Jubault, Monetta, Strafella, Lafontaine, & Monchi, 2009; 

Verreyt et al., 2011). We hypothesized that in addition to cognitive task demands, motor 

asymmetries (reflective of dopamine asymmetries) might predict differential response to 

medications. To explore interaction effects between cognitive task demands and basal level 

of dopamine in corticostriatal circuitry, we evaluated differential effects of DRT on 

neuropsychological performance based on side of motor onset reflective of differences in 

hemispheric specialization.

MATERIALS AND METHODS

Subjects

A total of 78 subjects (36 PD and 42 controls) were recruited from Kansas University 

School of Medicine (KUMC). Healthy controls were recruited from the Landon Center on 
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Aging database which maintains the contact information and demographics of potential 

research subjects primarily comprised of KUMC alumni. Patients were recruited from the 

PD and Movement Disorder Center at KUMC. Enrolled subjects were 50–75 years of age, 

right handed, and free of dementia, significant anxiety or depression.

Subjects were screened before enrollment to determine study eligibility, and all subjects 

were strongly right hand dominant based on the Edinburgh Inventory. Subjects were 

excluded on the basis of history of other neurologic disorder; major psychiatric disorder; 

significant alcohol or substance abuse; concurrent, unstable, or serious medical condition; or 

major head trauma. An attempt was made to match controls to PD subjects in terms of age 

and education, although control subjects had slightly higher educational levels. Subjects 

were free of dementia based on a minimum score of 27 out of 30 on the Mini Mental State 

Examination (MMSE) and the Repeatable Battery for the Assessment of 

Neuropsychological Status (RBANS; see Table 1) (Folstein, Folstein, & McHugh, 1975; 

Oldfield, 1971; Randolph, Tierney, Mohr, & Chase, 1998). Potential subjects with minimum 

scores of 27 on the MMSE were administered the RBANS. The RBANS scores were 

evaluated by a clinical neuropsychologist, and patients with global impaired scores (greater 

than –2 SD) were excluded from the study. Subjects were also free of clinically significant 

anxiety based on the Beck Depression (BDI-II) and Anxiety Inventories (BAI; see means in 

Table 1) (Beck, Epstein, Brown, & Steer, 1988; Steer, Rissmiller, & Beck, 2000). The study 

was conducted in accordance with the Declaration of Helsinki criteria and was approved by 

the Institutional Review Boards of KUMC, where all participants gave their written 

informed consent. Table 1 reports means (SD) for each group for demographics and 

screening measures.

PD subjects were in the mild stage of the disease as defined by the presence of stable 

unilateral or bilateral motor symptoms without motor fluctuations. Selection criteria for PD 

subjects included a diagnosis of idiopathic PD based on the United Kingdom PD Society 

Brain Bank Criteria, a Unified Parkinson's Disease Rating Scale (UPDRS) motor score less 

than or equal to 20, or UPDRS total score less than or equal to 30 in the on medication state, 

and absence of dyskinesia. PD patients included in the study had a disease severity [Hoehn 

and Yahr (H&Y) rating of 2.5 or less, with the following distribution of severity in the 

sample: (i) H&Y of 1–1.5 = 40%, (ii) H&Y of 2 = 48.6 %, and H&Y rating of 2.5 = 11.4%. 

The dominant side of motor symptoms was based on clinical examination and asymmetry 

indices derived from the UPDRS both on and off medications. The UPDRS left and right 

motor scores were calculated by combining scores from the UPDRS part III, items 22–26, 

and revealed significantly more PD patients with right side motor onset than left motor onset 

disease (RMO n = 23; LMO n = 13). The two PD groups did not differ significantly in age, 

global cognitive screening, anxiety or depressive measures. However, while education was 

not significantly different based on side of motor onset, the RMO group had slightly lower 

educational levels than the control group [F(2,75) = 3.72; p < .029]. Similarly, the two PD 

groups were comparable on measures of anxiety and depression, although both groups 

reported significantly more symptoms than controls on the BDI–II [F(2,75) = 16.35; p < .

001] and BAI [F(2,75) = 20.26; p < .001]. Means and standard deviations of demographics 
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and screening measures for each of the PD groups based on side of motor onset are provided 

in Table 1.

All PD patients were prescribed levodopa as well as one of two dopamine agonists 

(pramipexole = 50%; ropinirole = 50%). Patients taking amantadine, monoamine oxidase 

inhibitors (MAOI), catechol-O-methyl transferase (COMT), stimulants, or those with deep 

brain stimulators (DBS) were excluded from the study. Calculated levodopa dose 

equivalency (LED) did not reveal significant differences between the PD groups, F(2,34) = .

110, p = .742, although there was a trend for LMO patients to have higher LED (LMO = 775 

mg; RMO = 740 mg). Similarly, there were no differences between disease duration, F(2,34) 

= .613, p = .439, although RMO patients tended to have longer durations despite their lower 

LED (LMO = 47.1 months; RMO = 55.3 months; see Table 1). The two PD groups did not 

differ in the following UPDRS items: (i) posture on [F(1,35) = .339; p = .564] or off 

medications [F(1,35) = .952; p = .336], (ii) gait on [F(1,35) = .566; p = .457] or off 

medications [F(1,35) = .745; p = .394], or (iii) body bradykinesia and hypokinesia on 

[F(1,35) = 2.22; p = .146] or off medications [F(1,35) = 1.28; p = .266]. PD patients were 

asked to withhold their medication beginning at 5pm the evening before their off medication 

visit, and further doses were withheld until completion of the experiment at the end of their 

visit.

Procedure

A repeated measures model was used for the study with levodopa medication state (on and 

off) as the within-subjects factor, and Group (Control, LMO, RMO) as the between-subjects 

factor. All subjects received one of two alternative forms of the RBANS (A or B) with an 8 

week interval imposed to minimize practice effects. Medication state was counter-balanced 

across visits 1 and 2 (i.e., half of the subjects were in the on state for visit 1, while the other 

half of the subjects were in the off medication state for visit 1 and vice versa).

The neuropsychological assessment included the RBANS Form A or Alternate Form B that 

provide subtest scores for Immediate Memory (List Learning, Story Memory), Visuospatial/ 

Constructional (Figure Copy, Line Orientation), Language (Picture Naming, Semantic 

Fluency), Attention (Digit Span, Coding) and Delayed Memory (List Learning Free Recall 

and Recognition, and Story Memory Free Recall, Figure Free Recall) domains (Randolph et 

al., 1998). Additional measures of attention and inhibition were included from subtests from 

the Wechsler Intelligence Scale-Fourth Edition (WAIS-IV) Digit Span and Letter-Number 

Sequencing (Wechsler, 2008), and the Stroop test (Golden, 1978). Several subtests 

measuring visuomotor integration and cognitive flexibility (Trails 1–5), fluency and 

switching, and planning functions (Tower Test) from the Delis Kaplan Executive Function 

System (D-KEFS) were administered (Delis, Kramer, Kaplan, & Holdnack, 2004).

Fine motor control was measured with two standardized tests, the Finger Tapping Test (FT) 

and the Grooved Pegboard Test (GP) (Reitan & Wolfson, 1993). On the FT task, subjects 

were required to tap with each hand across 5 trials in a 10-s period. The GP is a more 

complex test of manipulative dexterity with randomly positioned slots and pegs with a key 

along one side that must be rotated to be inserted correctly.
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Statistical Analyses

Analyses evaluating the two PD groups in terms of cognitive and motor function were 

conducted using SPSS (Version 22) to determine differences based on the presenting motor 

features of the disease. All raw scores were converted into Z-scores based on the mean and 

standard deviations of normal controls for each neuropsychological measure. Z-score 

conversions maintain the distribution of raw scores while allowing the advantage of 

comparison of impairment across several cognitive domains. Several repeated measures 

analyses were conducted for the domains of attention/executive, language, memory, and 

visuospatial and visuomotor functions with group as the between-subject's factor (Control, 

LMO, RMO) and medication state (on and off) as the within subjects factor. Six multivariate 

analysis of variance (MANOA) measuring cognitive domains of interest and one motor 

model were evaluated. Separate univariates were evaluated in step-down analyses when the 

MANOVA was significant. Significant univariates were followed up with post hoc analyses 

with Bonferroni correction for multiple comparisons, while all univariates are presented for 

review in Table 2 given the small sample size. Age and education were evaluated as 

covariates for all multivariate models, but only used in the equation when one of the 

variables significantly adjusted for the variance.

RESULTS

Dopaminergic Medication States

To confirm dopaminergic washout between on and off medication states, a repeated 

measures model with side of motor onset as the between-subjects measure, and medication 

as the within-subjects measure was evaluated for UPDRS total and UPDRS motor 

subscores. The model was not significant for side of motor onset, F(2,34) = .333, p = .719, 

but was significant for a medication effect, F(2,34) = 60.13, p < .001 (see Table 1 for 

means). There was no significant medication by group interaction, F(2,34) = 1.78, p = .185. 

Medication effects were significant for both UPDRS total scores, F(1,35) = 123.5, p < .001, 

and UPDRS motor subscores, F(1,35) = 109.6, p < .001, consistent with more impaired 

UPDRS scores in the off medication state (UDPRS total on = 30.14, off = 44.54; UDPRS 

motor on = 18.47, off = 30.08), confirming sufficient medication washout (Table 1).

Attention

Education was not significant in the multivariate model for attention, while age significantly 

adjusted for the multivariate model and was used as a covariate [between-subjects, F(4,71) = 

7.46; p < .001]. Overall, the multivariate model was not significant between-subjects, 

F(8,144) = 1.76, p = .091 (Table 2). The multivariate model was insignificant for within-

subjects effects for medication, F(4,71) = .613, p = .654, but revealed a significant 

medication by group interaction, F(8,144) = 2.77, p = .007 (Table 3). The interaction was 

significant for Digit Span Total (p = .002) and Digits Span Forward (p = .007). Post hoc 

comparisons with Bonferroni correction revealed that the LMO group improved attentional 

performance in Digit Span Total and Forward during the on medication state, while there 

was no difference between medication states for the RMO group (Table 4). No significant 

medication by group interactions were identified for Digit Span Backwards, Digits 

Sequencing, or Letter Number Sequencing.
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Table 2 reports descriptive statistics and significance between-subjects for cognitive tasks by 

group. Table 3 reports significant within-subject significance based on response to 

medications. Table 4 reports mean differences and significance for medication by group 

interaction effects.

Executive

Executive subtests were evaluated and education was not significant in the multivariate 

model, but age significantly adjusted for the variance and was used as a covariate, [between-

subjects, F(6,69) = 5.82; p < .001]. The multivariate model revealed between-subjects 

significance, F(12,140) = 2.38, p < .01 (Table 2), but the within-subjects effects were not 

significant for either medication, F(6,69) = .246, p = .960, or for a medication by group 

interaction, F(12,140) = .837, p = .613. The between-subjects univariates revealed 

significance for Tower Total Time, and Stroop Word but not for the other executive subtests 

(see Table 2 for statistical values). Post hoc pairwise contrasts revealed the RMO (mean 

difference = .885; p = .003) and LMO groups (mean difference = .839; p = .027) required 

more time than controls to complete the Tower. However, only the RMO group was 

significantly more impaired than controls on Stroop Word (RMO mean difference = –.791; p 

< .007; LMO mean difference = –.685; p = .086). The two PD groups did not differ from 

each other on any of the subtests.

Fluency

Age and education were evaluated in the multivariate model, and education was not entered 

in the equation since it was not significant. Age was used as a covariate because it 

significantly adjusted for the variance in fluency between-subjects, F(3,72) = 6.98, p = .001. 

However, after adjusting for age, the multivariate model did not reveal significant between-

subject, F(6,146) = 1.98, p = .071, or within-subject effects [medication, F(3,72) = .561, p 

= .642; medication by group interaction, F(6,146) = .881, p = .511; Table 2].

Verbal Memory

Covariates were evaluated in the multivariate model and age [between-subjects, F(4,70) = 

9.31, p = .001; within-subjects, F(4,70) = 2.91, p = .027] and education were significant 

[between-subjects, F(4,70) = 2.2; p = .077; within-subjects, F(4,70) = 3.54; p = .011]. After 

controlling for age and education, the multivariate model was significant between-groups, 

F(8,142) = 3.44, p = .001 (Table 2), and within-groups for medication by group interaction 

[medication F(4,67) = 1.96; p < .11; medication by group interaction, F(8,142) = 2.34; p = .

022; Table 3]. Between-subjects effects were significant for RBANS List Learning (p < .

001), Story Memory (p < .05), List Recall (p < .001), and Story Recall (p < .001; Table 2). 

Post hoc comparisons with Bonferroni revealed that both groups performed lower than 

controls on RBANS List Learning (p < .05), RBANS List Recall (p < .005), RBANS Story 

Recall (p < .005), but the two PD groups were not significantly different from each other. 

The RMO group was also more impaired on RBANS Story Memory relative to controls (p 

< .05; Table 2).

The medication by group interaction was significant for Story Immediate and Story Delayed 

Memory Recall (Table 3). Both groups had different scores on RBANS Story Memory (i.e., 
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immediate recall) between medication states (LMO, p = .05; RMO p = .022), and RBANS 

Story Recall (LMO, p = .041; RMO p = .020; Table 4). However, the LMO group improved 

recall in the on relative to the off medication state, while the RMO group displayed the 

opposite response to medications with lower Story Memory Recall in the on medication 

state relative to the off state.

Visuospatial

Age and education were tested in the model, and age was used as a covariate since it was 

significant between-subjects, F(4,71) = 7.12, p < .001. After controlling for age, the 

multivariate model was significant between-subjects for visuospatial functions, F(8,144) = 

3.05, p < .005. However, within-subjects effects for medication F(4,71) = .592, p = .669 and 

the medication by group interaction were insignificant, F(8,144) = .614, p = .765. 

Univariates revealed between-subject differences for RBANS Coding F(2,74) = 11.11, p < .

001, and RBANS Figure Copy F(2,74) = 3.78, p < .05, but not for RBANS Line Orientation 

or Figure Recall (Table 2). Post hoc comparisons with Bonferroni corrected revealed that 

both the RMO and LMO groups were more impaired than controls on Coding (RMO mean 

difference = –1.27; p < .001; LMO mean difference = .959, p < .05), but only the RMO 

group was significantly impaired on Figure Copy (mean difference = –.747; p < .05). The 

RMO and LMO groups were not significantly different from each other on any of these 

measures.

Visuomotor Control

Age, but not education, significantly adjusted for the variance in Trails performance 

between-subjects and was used as a covariate in the model, F(5,69) = 5.57, p < .001. The 

multivariate model was significant between-subjects, F(10,140) = 2.84, p < .005. However, 

within-subjects effects were insignificant for the multivariate model [medication, F(5,69) = .

293; p = .915; medication by group, F(10,140) = .613; p = .817]. Univariate between-

subjects effects were significant for Trails 1–5 (p < .001; see Table 2). The RMO group was 

significantly more impaired across Trails 1–5 (p < .001) relative to controls, while the LMO 

group was only more impaired than controls for Trails 2 (p < .05) and Trails 5 (p < .005). 

The RMO and LMO groups were not significantly different from one another on any of the 

Trails tasks.

Fine Motor Control

Six subjects (two controls, three LMO, and one RMO subjects) were excluded from the 

motor analyses because they had missing motor data for one hand from one of the visits. 

Age and education were evaluated as covariates, but only age was used because it was 

significant between-subjects, F(2,67) = 5.45, p < .01. The multivariate model was significant 

between subjects, F(4,136) = 12.57, p < .001, and within-subjects for hand by group 

[F(4,136) = 6.74; p < .001] and medication by group [F(4,136) = 3.18; p = .016] 

interactions. Within-subjects effects for medication, hand, or medication by hand by group 

interactions were insignificant. Between subjects univariate effects were significant for both 

Finger Tapping (FT) and Grooved Pegboard (GP; p < .001; Table 2). Pairwise comparisons 

with Bonferroni correction revealed the RMO (mean difference = –.789; p = .016) and LMO 
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groups (mean difference = –1.52; p < .001) were significantly more impaired than controls 

on FT speed. Similarly, on the GP task, the LMO (mean difference = –3.23; p < .001) and 

RMO groups (mean difference = –3.52; p < .001) were significantly slower than controls. 

There was no significant difference between the PD groups.

Within-subjects interactions for hand by group were significant for both FT and GP (p < .

001) consistent with the expected greater impairment based on side of motor onset. 

However, the medication by group interaction was only significant for GP (GP; p < .005; 

FT; p = .64; Table 3). Pairwise comparisons for GP revealed medication effects for the LMO 

(mean difference = –1.58; p < .001) and RMO groups (mean difference = –.666; p < .05; 

Table 4).

DISCUSSION

Our results revealed the expected PD related cognitive deficits in executive functioning 

(planning), memory, and motor speed for all PD patients irrespective of the initial side of 

motor onset (Hanna-Pladdy et al., 2013). However, patients with greater left hemisphere 

dysfunction displayed more extensive cognitive deficits including additional deficits of 

selective attention and inhibition, verbal memory, and visuomotor integration. Patients with 

relatively greater right hemisphere dysfunction displayed greater fine motor impairment and 

greater response to dopamine replacement therapy on tasks of sensorimotor integration, 

attention and verbal memory. Conversely, there was a detrimental effect of medication for 

patients with left hemisphere dysfunction in terms of verbal memory recall. Overall, the 

findings do not support the premise that the degree of motor impairment predicts the extent 

of cognitive impairment, but suggests differential response to dopamine medications for 

cognitive functions which are predicted by basal level of dopamine.

Dopamine Asymmetries

Theories of neurochemical asymmetries propose that the right striatum may have lower 

quantities of dopamine than the left, which may result in heightened vulnerability to 

nigrostriatal denerveation (Glick, Ross, & Hough, 1982; Haaxma et al., 2010; Toga & 

Thompson, 2003). Evidence supporting dopamine asymmetries is based on postmortem 

studies, behavioral asymmetries and human nuclear imaging studies consistent with a 

leftward shift in dopamine levels (Glick et al., 1982; Toga & Thompson, 2003; van Dyck et 

al., 2002; Wagner et al., 1983). A left hemisphere dopamine activating system is 

theoretically linked to specialization of complex motor programming including right hand 

preference, speech and other skilled movements (Toga & Thompson, 2003; Tucker & 

Williamson, 1984). Therefore, replacement therapy may more readily ameliorate these 

depleted networks early in the disease process (Haaxma et al., 2010). This hypothesis is 

corroborated by our results of higher medication doses for PD patients with greater right 

hemisphere involvement, and subsequent improvement following levodopa on tasks of 

sensorimotor integration, attention, and verbal memory. Furthermore, patients with greater 

left hemisphere involvement in our study had relatively lower levodopa doses despite a trend 

for longer disease durations, consistent with the premise that higher levels of basal 

dopamine might eventually result in slower disease progression.
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Conversely, the higher incidence of right motor onset symptoms in our study and other 

studies and recent evidence for lower dopamine transporter uptake in the left posterior 

putamen for PD, are consistent with a left and not right hemisphere predominance of 

nigrostriatal dysfunction (Riederer & Sian-Hulsmann, 2012; Scherfler et al., 2012). In 

summary, the predictors of motor lateralization in PD remain elusive despite speculation that 

dopamine asymmetries and handedness may play a role in predicting dominant side of motor 

onset (Melamed & Poewe, 2012; Riederer & Sian-Hulsmann, 2012; Uitti et al., 2005; van 

der Hoorn, Bartels, Leenders, & de Jong, 2011). Additional research is needed to reconcile 

the higher incidence of right motor onset disease despite some evidence for leftward 

dopamine asymmetry. Future studies should better control for disease severity, disease 

duration, and subtypes of PD, which are all likely to influence basal level of dopamine and 

cognitive profiles.

Motor Deficits and Dopamine

Previously it has been argued that the best motor control predictors of dopaminergic 

responsiveness, motor disability and UPDRS values, were alternating finger tapping 

measures of motor speed reflective of bradykinesia (Taylor Tavares et al., 2005). Despite 

these correlations, our findings did not reveal a statistically significant influence of DRT on 

finger tapping speed in early PD. The group with greater right hemisphere involvement 

displayed more impairment in fine motor control. Even on selective tasks segregating 

specific aspects of visuomotor integration, the patients with right hemisphere impairment 

were selectively impaired on the tasks isolating processing speed and motor speed, as 

opposed to those requiring greater cognitive flexibility or visual search. However, the 

findings revealed little change between on and off medication conditions for finger tapping 

speed, irrespective of side of motor onset. This partly can be explained by the repetitive 

nature of the index finger tapping test used in our study that did not involve a sequential or 

finger-alternating component (Taylor Tavares et al., 2005). Additionally, the findings may 

be related to the long-duration response of levodopa, which has been demonstrated to only 

decline following 24 hr (exceeding the 15-hr washout period), but can potentially extend 

even beyond a 2-week washout phase, as well as the early stage of the patients (Kang & 

Auinger, 2012; Nutt, Carter, & Woodward, 1995).

Dopaminergic modulation was selective in improving the grooved pegboard task which 

required sensorimotor integration and manual dexterity. Patients with right hemisphere 

disease displayed greater reductions in fine motor speed and correspondingly displayed the 

greatest response to DRT. The grooved pegboard task's response to medications is consistent 

with its potential role as a biomarker of nigrostriatal denervation, and indicates it is a 

sensitive and reliable measure of degree of dopamine depletion in early stage PD (Bohnen, 

Kuwabara, Constantine, Mathis, & Moore, 2007; Bohnen, Studenski, Constantine, & Moore, 

2008). This hypothesis is also supported by the trend for right hemisphere disease patients to 

display higher levodopa doses. Conversely, the patients with left hemisphere disease 

displayed relatively lower levodopa doses, less fine motor impairment and less pronounced 

response to levodopa in terms of both cognitive and motor functions. Overall, these findings 

reflect how basal level of dopamine may predict response to levodopa in particular early in 

the disease process.
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Dopamine and Attention

On the majority of neuropsychological tests, both patient groups displayed impairment 

irrespective of side of motor onset, substantiating extensive mild cognitive deficits in early 

PD. Bilateral hemispheric contribution to tasks evaluating higher levels of cognitive 

flexibility, such as planning, were evident. These findings indicate that both medicated and 

unmedicated PD patients display greater cognitive impairment than age-matched controls 

irrespective of motor presentation, and highlights the role of other-disease related variables 

in cognitive presentation (Hanna-Pladdy & Heilman, 2010; Jubault et al., 2009). 

Nonetheless, limited medication effects emerged for attentional functions. That is, levodopa 

improved performance on the WAIS-IV Digit Span (DS) forward and total for the patients 

with greater right hemisphere dopamine deficiency. DS forward is a component of DS total 

that also revealed improvement in the on medication state. Working memory was tested 

using the DS tests and patients with greater right hemisphere disease exhibited poorer 

attention in the off state than on state in DS forward and, collectively, in the DS total, which 

measures attention, concentration, and mental control (Wechsler, 2008). Consistent with our 

findings, levodopa has previously demonstrated improvement in attention and working 

memory mediated by the dorsal frontal-striatal circuitry, which is depleted early in PD 

(Cools, 2006; Torta, Castelli, Zibetti, Lopiano, & Geminiani, 2009). The positive influence 

of levodopa in patients with greater right hemisphere dopamine deficiency further supports 

the bilateral distribution of attention/executive functions, and highlights the role of 

dopamine in attention/executive functions. Our findings of sensorimotor and attentional 

responsiveness to levodopa substantiate this premise, while the selective improvement in 

patients with greater right hemisphere disease supports theories of dopamine asymmetries 

predicting amelioration for the more depleted hemisphere.

Nonetheless, patients with left hemisphere disease had greater impairment on tasks of 

selective inhibition, verbal memory, visuospatial functions and visuomotor integration 

consistent with previous reports in the literature, but these deficits did not improve with 

levodopa (Drag et al., 2009; Tomer et al., 2007). The results indicate that cognitive tasks are 

potentially less sensitive to phasic changes in dopamine than motor tasks, which may partly 

be explained by the greater severity of dopamine depletion in motor versus cognitive areas 

(Drag et al., 2009). Additionally, lateralization influences on cognitive profiles are likely 

contributory and have been well documented. Greater cognitive impairment in patients with 

left hemisphere disease has also been documented in both left hemisphere stroke and left 

asymmetric neurodegenerative disease, and emphasizes the role of hemispheric 

specialization in influencing extent of cognitive deficits and cognitive profiles (Mesulam et 

al., 2014; Shprakh & Suvorova, 2010). The dissociation between dopaminergic denervation 

and degree of cognitive impairment is in line with the growing body of literature reviewing 

extranigral sources of cognitive impairment in early PD (Aarsland, Bronnick, & Fladby, 

2011; Buongiorno et al., 2011; Gomperts et al., 2013; Hanna-Pladdy & Heilman, 2010; 

Ibarretxe-Bilbao et al., 2011).

Paradoxical Effects of Dopamine

While dopamine replacement therapy has established improvement for PD motor deficits, 

depending on the frontostriatal circuit involved and the nature of the task, it can improve or 

Hanna-Pladdy et al. Page 11

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impair cognitive performance (Cools et al., 2001, 2003; Macdonald & Monchi, 2011). The 

proposed imbalance of dopamine levels in different cognitive systems relying on different 

areas of prefrontal cortex as well as the dopamine asymmetry hypothesis, may explain the 

selective improvement in cognition following dopamine replacement for patients with 

greater right hemisphere disease (Macdonald & Monchi, 2011). In addition to attentional 

functions, this group improved in the encoding of verbal information following medication. 

While this could have conceivably been potentiated by improved attentional functions, 

verbal memory delayed recall also improved suggesting there is dopaminergic influence on 

declarative memory retrieval operations. Conversely, in patients with greater left hemisphere 

deficiency, dopamine had a detrimental effect on verbal memory encoding and memory 

retention.

The paradoxical effect of levodopa has been reported previously for cognition in PD, in 

particular early in the disease process when the dopamine deficit is mild and optimal 

medication for treatment of motor dysfunction may involve over-medication of circuits that 

are non-depleted (Jahanshahi et al., 2010; Jubault et al., 2009; Macdonald & Monchi, 2011; 

Torta et al., 2009). These studies, however, have focused almost exclusively on attention 

and executive functions that are highly influenced to some extent by dopaminergic 

dysfunction (Lange et al., 1992). Most studies examining how dopaminergic transmission 

influences learning and memory in early PD have focused primarily on working memory, 

incremental learning, and reward based learning, with few investigations focusing on the 

role of dopamine in declarative memory (Cools et al., 2003; Cools, Stefanova, Barker, 

Robbins, & Owen, 2002; Costa et al., 2003; Cropley et al., 2008; Fera et al., 2007; Fournet 

et al., 2000; Gotham et al., 1986; Jahanshahi et al., 2010; Kelly et al., 2009; Lange et al., 

1992; McClure, Laibson, Loewenstein, & Cohen, 2004; Nagano-Saito et al., 2008; Reiss et 

al., 2005; Sawamoto et al., 2008; Seo, Beigi, Jahanshahi, & Averbeck, 2010; Shohamy, 

Myers, Geghman, Sage, & Gluck, 2006). Nonetheless, there have been several 

investigations evaluating the role of dopamine in memory recall and retention. Despite the 

focus on hippocampal atrophy as the source of memory impairment in PD, some evidence 

points to striatal dopaminergic depletion and caudate volume loss as a strong predictor of 

verbal memory impairment (Jokinen et al., 2009). There is also emerging evidence 

endorsing dopaminergic modulation of hippocampal-dependent learning and memory 

consolidation, in particular for the auditory domain (Blonder et al., 2013; Halbig et al., 2008; 

O'Carroll, Martin, Sandin, Frenguelli, & Morris, 2006; Pezze & Bast, 2012; Schicknick et 

al., 2008). Furthermore, similar to our findings, several studies have reported a paradoxical 

effect of levodopa withdrawal on verbal memory retention (Blonder et al., 2013; Brusa et 

al., 2005; Halbig et al., 2008). Taken together, these studies describe a key role for 

dopamine transmission in hippocampal synaptic plasticity, and emphasize the role of 

dopamine in learning and memory.

SUMMARY

In summary, the response to dopamine replacement in PD may be complicated not only by 

the staging of the disease and task demands, but also related to differential profiles based on 

hemispheric asymmetries influencing basal level of dopamine. These factors can influence 

cognitive profiles, and can partly explain the inconsistent results and the variable cognitive 
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outcomes in the PD literature. Finally, while our results provide support for the role of 

dopaminergic modulation of attention and memory functions, many of the cognitive deficits 

characterized appear to be regulated by other pathological mechanisms. Thus, the 

neuropathological basis of cognitive impairment in PD appears to be multifactorial, and 

future research should focus on teasing apart dopaminergic from extranigral sources of 

cognitive deficits in PD, and identifying predictors of cognitive progression.

ACKNOWLEGMENTS

The project described was supported by NIH/ NINDS [R21NS059649 to B.H.P]. Data was collected in the Landon 
Center on Aging at the University of Kansas Medical Center, while manuscript preparation was conducted at 
University of Maryland School of Medicine. The authors thank Katherine Jones for assistance with data collection, 
and Chanin Tolson for initial data management.

REFERENCES

Aarsland D, Bronnick K, Fladby T. Mild cognitive impairment in Parkinson’s disease. Current 
Neurology and Neuroscience Reports. 2011; 11(4):371–378. doi: 10.1007/s11910-011-0203-1. 
[PubMed: 21487730] 

Amick MM, Grace J, Chou KL. Body side of motor symptom onset in Parkinson's disease is 
associated with memory performance. Journal of the International Neuropsychological Society. 
2006; 12(5):736–740. doi: S1355617706060875 [pii] 10.1017/S1355617706060875. [PubMed: 
16961953] 

Beato R, Levy R, Pillon B, Vidal C, du Montcel ST, Deweer B, Cardoso F. Working memory in 
Parkinson's disease patients: Clinical features and response to levodopa. Arquivos de Neuro-
Psiquiatria. 2008; 66(2A):147–151. doi: S0004-282X2008000200001 [pii]. [PubMed: 18545772] 

Beck AT, Epstein N, Brown G, Steer RA. An inventory for measuring clinical anxiety: Psychometric 
properties. Journal of Consulting and Clinical Psychology. 1988; 56(6):893–897. [PubMed: 
3204199] 

Bentin S, Silverberg R, Gordon HW. Asymmetrical cognitive deterioration in demented and Parkinson 
patients. Cortex. 1981; 17(4):533–543. [PubMed: 7344819] 

Beyer MK, Janvin CC, Larsen JP, Aarsland D. A magnetic resonance imaging study of patients with 
Parkinson's disease with mild cognitive impairment and dementia using voxel-based morphometry. 
Journal of Neurology, Neurosurgery, and Psychiatry. 2007; 78(3):254–259. doi: jnnp.2006.093849 
[pii] 10.1136/jnnp.2006.093849. 

Blonder LX, Slevin JT, Kryscio RJ, Martin CA, Andersen AH, Smith CD, Schmitt FA. Dopaminergic 
modulation of memory and affective processing in Parkinson depression. Psychiatry Research. 
2013; 210(1):146–149. doi: 0.1016/j. psychres.2013.06.003. [PubMed: 23838419] 

Bohnen NI, Kuwabara H, Constantine GM, Mathis CA, Moore RY. Grooved pegboard test as a 
biomarker of nigrostriatal denervation in Parkinson's disease. Neuroscience Letters. 2007; 424(3):
185–189. doi: S0304-3940(07)00830-0 [pii] 10.1016/j.neulet.2007.07.035. [PubMed: 17714864] 

Bohnen NI, Studenski SA, Constantine GM, Moore RY. Diagnostic performance of clinical motor and 
non-motor tests of Parkinson disease: A matched case-control study. European Journal of 
Neurology. 2008; 15(7):685–691. doi: 10.1111/ j.1468-1331.2008.02148.x ENE2148 [pii]. 
[PubMed: 18435767] 

Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. Staging of brain pathology 
related to sporadic Parkinson's disease. Neurobiology of Aging. 2003; 24(2):197–211. doi: 
S0197458002000659 [pii]. [PubMed: 12498954] 

Brusa L, Tiraboschi P, Koch G, Peppe A, Pierantozzi M, Ruggieri S, Stanzione P. Pergolide effect on 
cognitive functions in early-mild Parkinson's disease. Journal of Neural Transmission. 2005; 
112(2):231–237. doi: 10.1007/s00702-004-0193-0. [PubMed: 15365788] 

Hanna-Pladdy et al. Page 13

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Buongiorno M, Compta Y, Marti MJ. Amyloid-beta and tau biomarkers in Parkinson's disease-
dementia. Journal of Neurological Sciences. 2011; 310(1-2):25–30. doi: 10.1016/j. jns.
2011.06.046 S0022-510X(11)00381-9 [pii]. 

Cools R. Dopaminergic modulation of cognitive function-implications for L-DOPA treatment in 
Parkinson's disease. Neuroscience and Biobehavioral Reviews. 2006; 30(1):1–23. doi: 
S0149-7634(05)00054-0 [pii] 10.1016/j.neubiorev.2005.03.024. [PubMed: 15935475] 

Cools R, Barker RA, Sahakian BJ, Robbins TW. Enhanced or impaired cognitive function in 
Parkinson's disease as a function of dopaminergic medication and task demands. Cerebral Cortex. 
2001; 11(12):1136–1143. [PubMed: 11709484] 

Cools R, Barker RA, Sahakian BJ, Robbins TW. L-Dopa medication remediates cognitive inflexibility, 
but increases impulsivity in patients with Parkinson's disease. Neuropsychologia. 2003; 41(11):
1431–1441. doi: S0028393203001179 [pii]. [PubMed: 12849761] 

Cools R, Stefanova E, Barker RA, Robbins TW, Owen AM. Dopaminergic modulation of high-level 
cognition in Parkinson's disease: The role of the prefrontal cortex revealed by PET. Brain. 2002; 
125(Pt 3):584–594. [PubMed: 11872615] 

Costa A, Peppe A, Dell'Agnello G, Carlesimo GA, Murri L, Bonuccelli U, Caltagirone C. 
Dopaminergic modulation of visual-spatial working memory in Parkinson's disease. Dementia and 
Geriatric Cognitive Disorders. 2003; 15(2):55–66. doi: 10.1159/000067968 67968 [pii]. [PubMed: 
12566593] 

Cropley VL, Fujita M, Bara-Jimenez W, Brown AK, Zhang XY, Sangare J, Innis RB. Pre- and post-
synaptic dopamine imaging and its relation with frontostriatal cognitive function in Parkinson 
disease: PET studies with [11C]NNC 112 and [18F] FDOPA. Psychiatry Research. 2008; 163(2):
171–182. doi: S0925-4927 (07)00230-2 [pii] 10.1016/j.pscychresns.2007.11.003. [PubMed: 
18504119] 

Delis DC, Kramer JH, Kaplan E, Holdnack J. Reliability and validity of the Delis-Kaplan Executive 
Function System: An update. Journal of the International Neuropsychological Society. 2004; 
10(2):301–303. doi: 10.1017/S1355617704102191 S1355617704102191 [pii]. [PubMed: 
15012851] 

Djaldetti R, Ziv I, Melamed E. The mystery of motor asymmetry in Parkinson's disease. Lancet 
Neurology. 2006; 5(9):796–802. doi: S1474-4422(06)70549-X [pii] 10.1016/S1474-4422 
(06)70549-X. 

Drag LL, Bieliauskas LA, Kaszniak AW, Bohnen NI, Glisky EL. Source memory and frontal 
functioning in Parkinson's disease. Journal of the International Neuropsychological Society. 2009; 
15(3):399–406. doi: 10.1017/S1355617709090572. [PubMed: 19402926] 

Edelstyn NM, Shepherd TA, Mayes AR, Sherman SM, Ellis SJ. Effect of disease severity and 
dopaminergic medication on recollection and familiarity in patients with idiopathic nondementing 
Parkinson's. Neuropsychologia. 2010; 48(5):1367–1375. doi: 10.1016/j.neuropsychologia.
2009.12.039. [PubMed: 20036678] 

Fera F, Nicoletti G, Cerasa A, Romeo N, Gallo O, Gioia MC, Quattrone A. Dopaminergic modulation 
of cognitive interference after pharmacological washout in Parkinson's disease. Brain Research 
Bulletin. 2007; 74(1-3):75–83. doi: S0361-9230(07) 00159-1 [pii] 10.1016/j.brainresbull.
2007.05.009. [PubMed: 17683792] 

Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the 
cognitive state of patients for the clinician. Journal of Psychiatric Research. 1975; 12(3):189–198. 
[PubMed: 1202204] 

Fournet N, Moreaud O, Roulin JL, Naegele B, Pellat J. Working memory functioning in medicated 
Parkinson's disease patients and the effect of withdrawal of dopaminergic medication. 
Neuropsychology. 2000; 14(2):247–253. [PubMed: 10791864] 

Glick SD, Ross DA, Hough LB. Lateral asymmetry of neurotransmitters in human brain. Brain 
Research. 1982; 234(1):53–63. doi: 0006-8993(82)90472-3 [pii]. [PubMed: 6120746] 

Golden, C. Stroop color and word test. Stoelting Company; Illinois: 1978. 

Gomperts SN, Locascio JJ, Rentz D, Santarlasci A, Marquie M, Johnson KA, Growdon JH. Amyloid 
is linked to cognitive decline in patients with Parkinson disease without dementia. Neurology. 

Hanna-Pladdy et al. Page 14

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2013; 80(1):85–91. doi:.1212/WNL.0b013e31827b1a07 WNL.0b013e31827b1a07 [pii]. [PubMed: 
23243071] 

Gotham AM, Brown RG, Marsden CD. Levodopa treatment may benefit or impair “frontal” function 
in Parkinson's disease. Lancet. 1986; 2(8513):970–971. doi: S0140-6736(86)90617-3 [pii]. 
[PubMed: 2877144] 

Gotham AM, Brown RG, Marsden CD. ‘Frontal' cognitive function in patients with Parkinson's 
disease ‘on' and ‘off' levodopa. Brain. 1988; 111(Pt 2):299–321. [PubMed: 3378138] 

Haaxma CA, Helmich RC, Borm GF, Kappelle AC, Horstink MW, Bloem BR. Side of symptom onset 
affects motor dysfunction in Parkinson's disease. Neuroscience. 2010; 170(4):1282–1285. doi: 
S0306-4522(10)01010-9 [pii] 0.1016/j. neuroscience.2010.07.030. [PubMed: 20723583] 

Halbig TD, Kopp UA, Wodarz F, Borod JC, Gracies JM, Ebersbach G, Kupsch A. Dopaminergic 
modulation of emotional memory in Parkinson's disease. Journal of Neural Transmission. 2008; 
115(8):1159–1163. doi: 10.1007/s00702-008-0061-4. [PubMed: 18506391] 

Hanna-Pladdy B, Heilman KM. Dopaminergic modulation of the planning phase of skill acquisition in 
Parkinson's disease. Neurocase. 2010; 16(2):182–190. doi: 917524285 [pii] 
10.1080/13554790903379609. [PubMed: 20013480] 

Hanna-Pladdy B, Jones K, Cabanban R, Pahwa R, Lyons KE. Predictors of mild cognitive impairment 
in early-stage Parkinson's disease. Dementia and Geriatric Cognitive Disorders Extra. 2013; 3(1):
168–178. doi: 10.1159/000351421dee-0003-0168 [pii]. [PubMed: 23741229] 

Ibarretxe-Bilbao N, Junque C, Marti MJ, Tolosa E. Brain structural MRI correlates of cognitive 
dysfunctions in Parkinson's disease. Journal of Neurological Sciences. 2011; 310(1-2):70–74. doi: 
10.1016/j.jns.2011.07.054 S0022-510X(11)00476-X [pii]. 

Jahanshahi M, Wilkinson L, Gahir H, Dharmarinda A, Lagnado DA. Medication impairs probabilistic 
classification learning in Parkinson's disease. Neuropsychologia. 2010; 48(4):1096–1103. doi: 
S0028-3932(09)00486-2 [pii] 10.1016/j. neuropsychologia.2009.12.010. [PubMed: 20006629] 

Jokinen P, Bruck A, Aalto S, Forsback S, Parkkola R, Rinne JO. Impaired cognitive performance in 
Parkinson's disease is related to caudate dopaminergic hypofunction and hippocampal atrophy. 
Parkinsonism and Related Disorders. 2009; 15(2):88–93. doi: S1353-8020(08)00102-8 [pii] 
10.1016/j.parkreldis.2008.03.005. [PubMed: 18434233] 

Jubault T, Monetta L, Strafella AP, Lafontaine AL, Monchi O. L-dopa medication in Parkinson's 
disease restores activity in the motor cortico-striatal loop but does not modify the cognitive 
network. PLoS One. 2009; 4(7):e6154. doi: 10.1371/journal.pone.0006154. [PubMed: 19584921] 

Kang UJ, Auinger P. Activity enhances dopaminergic long-duration response in Parkinson disease. 
Neurology. 2012; 78(15):1146–1149. doi: 10.1212/WNL.0b013e31824f8056 WNL.
0b013e31824f8056 [pii]. [PubMed: 22459675] 

Katzen HL, Levin BE, Weiner W. Side and type of motor symptom influence cognition in Parkinson's 
disease. Movement Disorders. 2006; 21(11):1947–1953. doi: 10.1002/mds.21105. [PubMed: 
16991155] 

Kelly C, de Zubicaray G, Di Martino A, Copland DA, Reiss PT, Klein DF, McMahon K. L-dopa 
modulates functional connectivity in striatal cognitive and motor networks: A double-blind 
placebo-controlled study. Journal of Neuroscience. 2009; 29(22):7364–7378. doi: 29/22/7364 [pii] 
10.1523/JNEUROSCI.0810-09.2009. [PubMed: 19494158] 

Kish SJ, Shannak K, Hornykiewicz O. Uneven pattern of dopamine loss in the striatum of patients 
with idiopathic Parkinson's disease. Pathophysiologic and clinical implications. New England 
Journal of Medicine. 1988; 318(14):876–880. doi: 0.1056/NEJM198804073181402. [PubMed: 
3352672] 

Lange KW, Robbins TW, Marsden CD, James M, Owen AM, Paul GM. L-dopa withdrawal in 
Parkinson's disease selectively impairs cognitive performance in tests sensitive to frontal lobe 
dysfunction. Psychopharmacology. 1992; 107(2-3):394–404. [PubMed: 1615139] 

Luciana M, Collins PF, Depue RA. Opposing roles for dopamine and serotonin in the modulation of 
human spatial working memory functions. Cerebral Cortex. 1998; 8(3):218–226. [PubMed: 
9617916] 

Hanna-Pladdy et al. Page 15

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MacDonald AA, Seergobin KN, Owen AM, Tamjeedi R, Monchi O, Ganjavi H, MacDonald PA. 
Differential effects of Parkinson's disease and dopamine replacement on memory encoding and 
retrieval. PLoS One. 2013; 8(9):e74044. doi: 10.1371/journal.pone.0074044. [PubMed: 24086309] 

Macdonald PA, Monchi O. Differential effects of dopaminergic therapies on dorsal and ventral 
striatum in Parkinson's disease: Implications for cognitive function. Parkinson's Disease. 2011; 
2011:572743. doi: 10.4061/2011/572743. 

McClure SM, Laibson DI, Loewenstein G, Cohen JD. Separate neural systems value immediate and 
delayed monetary rewards. Science. 2004; 306(5695):503–507. doi: 306/5695/503 [pii] 10.1126/
science.1100907. [PubMed: 15486304] 

Melamed E, Poewe W. Taking sides: Is handedness involved in motor asymmetry of Parkinson's 
disease? Movement Disorders. 2012; 27(2):171–173. doi: 10.1002/mds.24048. [PubMed: 
22223083] 

Mesulam MM, Weintraub S, Rogalski EJ, Wieneke C, Geula C, Bigio EH. Asymmetry and 
heterogeneity of Alzheimer's and frontotemporal pathology in primary progressive aphasia. Brain. 
2014; 137(Pt 4):1176–1192. doi: 10.1093/brain/awu024. [PubMed: 24574501] 

Middleton FA, Strick PL. Basal ganglia and cerebellar loops: Motor and cognitive circuits. Brain 
Research Reviews. 2000a; 31(2-3):236–250. [PubMed: 10719151] 

Middleton FA, Strick PL. Basal ganglia output and cognition: Evidence from anatomical, behavioral, 
and clinical studies. Brain and Cognition. 2000b; 42(2):183–200. [PubMed: 10744919] 

Nagano-Saito A, Leyton M, Monchi O, Goldberg YK, He Y, Dagher A. Dopamine depletion impairs 
frontostriatal functional connectivity during a set-shifting task. Journal of Neuroscience. 2008; 
28(14):3697–3706. doi: 28/14/3697 [pii] 10.1523/JNEUROSCI.3921-07.2008. [PubMed: 
18385328] 

Nutt JG, Carter JH, Woodward WR. Long-duration response to levodopa. Neurology. 1995; 45(8):
1613–1616. [PubMed: 7644063] 

O'Carroll CM, Martin SJ, Sandin J, Frenguelli B, Morris RG. Dopaminergic modulation of the 
persistence of one-trial hippocampus-dependent memory. Learning and Memory. 2006; 13(6):
760–769. doi: 10.1101/lm.321006. [PubMed: 17142305] 

Oldfield RC. The assessment and analysis of handedness: The Edinburgh inventory. 
Neuropsychologia. 1971; 9(1):97–113. [PubMed: 5146491] 

Pezze M, Bast T. Dopaminergic modulation of hippocampus-dependent learning: Blockade of 
hippocampal D1-class receptors during learning impairs 1-trial place memory at a 30-min 
retention delay. Neuropharmacology. 2012; 63(4):710–718. doi: 10.1016/j.neuropharm.
2012.05.036. [PubMed: 22659087] 

Poletti M, Frosini D, Pagni C, Baldacci F, Giuntini M, Mazzucchi S, Bonuccelli U. The relationship 
between motor symptom lateralization and cognitive performance in newly diagnosed drug-naive 
patients with Parkinson's disease. Journal of Clinical and Experimental Neuropsychology. 2013; 
35(2):124–131. doi: 10.1080/13803395.2012.751966. [PubMed: 23216295] 

Poletti M, Frosini D, Pagni C, Baldacci F, Nicoletti V, Tognoni G, Bonuccelli U. Mild cognitive 
impairment and cognitive-motor relationships in newly diagnosed drug-naive patients with 
Parkinson's disease. Journal of Neurology, Neurosurgery, and Psychiatry. 2012; 83(6):601–606. 
doi: 10.1136/jnnp-2011-301874jnnp-2011-301874 [pii]. 

Randolph C, Tierney MC, Mohr E, Chase TN. The Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS): Preliminary clinical validity. Journal of Clinical and 
Experimental Neuropsychology. 1998; 20(3):310–319. [PubMed: 9845158] 

Reiss JP, Campbell DW, Leslie WD, Paulus MP, Stroman PW, Polimeni JO, Sareen J. The role of the 
striatum in implicit learning: A functional magnetic resonance imaging study. Neuroreport. 2005; 
16(12):1291–1295. doi: 00001756-200508220-00008 [pii]. [PubMed: 16056127] 

Reitan, RM.; Wolfson, D. Halstead-Reitan Neuropsychological Battery. Neuropsychology Press; 
Tuscon, AZ: 1993. 

Riederer P, Sian-Hulsmann J. The significance of neuronal lateralisation in Parkinson's disease. 
Journal of Neural Transmission. 2012; 119:953–962. doi: 10.1007/s00702-012-0775-1. [PubMed: 
22367437] 

Hanna-Pladdy et al. Page 16

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sawamoto N, Piccini P, Hotton G, Pavese N, Thielemans K, Brooks DJ. Cognitive deficits and striato-
frontal dopamine release in Parkinson's disease. Brain. 2008; 131(Pt 5):1294–1302. doi: awn054 
[pii] 10.1093/brain/awn054. [PubMed: 18362097] 

Scherfler C, Seppi K, Mair KJ, Donnemiller E, Virgolini I, Wenning GK, Poewe W. Left hemispheric 
predominance of nigrostriatal dysfunction in Parkinson's disease. Brain. 2012; 135(Pt 11):3348–
3354. doi: 10.1093/brain/aws253 aws253 [pii]. [PubMed: 23043142] 

Schicknick H, Schott BH, Budinger E, Smalla KH, Riedel A, Seidenbecher CI, Tischmeyer W. 
Dopaminergic modulation of auditory cortex-dependent memory consolidation through mTOR. 
Cerebral Cortex. 2008; 18(11):2646–2658. doi: 0.1093/cercor/bhn026. [PubMed: 18321872] 

Seo M, Beigi M, Jahanshahi M, Averbeck BB. Effects of dopamine medication on sequence learning 
with stochastic feedback in Parkinson's disease. Frontiers in Human Neuroscience. 2010; 4 doi: 36 
[pii] 10.3389/fnsys.2010.00036. 

Shohamy D, Myers CE, Geghman KD, Sage J, Gluck MA. L-dopa impairs learning, but spares 
generalization, in Parkinson's disease. Neuropsychologia. 2006; 44(5):774–784. doi: 
S0028-3932(05)00263-0 [pii] 10.1016/j.neuropsychologia.2005.07.013. [PubMed: 16150469] 

Shprakh VV, Suvorova IA. [Post-stroke vascular dementia: Risk factors and clinical neuro-imaging 
features]. Advances in Gerontology. 2010; 23(2):293–300. [PubMed: 21033386] 

Steer RA, Rissmiller DJ, Beck AT. Use of the Beck Depression Inventory-II with depressed geriatric 
inpatients. Behaviour Research Therapy. 2000; 38(3):311–318. [PubMed: 10665163] 

Taylor Tavares AL, Jefferis GS, Koop M, Hill BC, Hastie T, Heit G, Bronte-Stewart HM. Quantitative 
measurements of alternating finger tapping in Parkinson's disease correlate with UPDRS motor 
disability and reveal the improvement in fine motor control from medication and deep brain 
stimulation. Movement Disorders. 2005; 20(10):1286–1298. doi: 10.1002/mds.20556. [PubMed: 
16001401] 

Toga AW, Thompson PM. Mapping brain asymmetry. Nature Reviews Neuroscience. 2003; 4(1):37–
48. doi: 10.1038/nrn1009 nrn1009 [pii]. 

Tomer R, Aharon-Peretz J, Tsitrinbaum Z. Dopamine asymmetry interacts with medication to affect 
cognition in Parkinson's disease. Neuropsychologia. 2007; 45(2):357–367. doi: S0028-3932(06) 
00262-4 [pii] 10.1016/j.neuropsychologia.2006.06.014. [PubMed: 16876208] 

Tomer R, Levin BE, Weiner WJ. Side of onset of motor symptoms influences cognition in Parkinson's 
disease. Annals of Neurology. 1993; 34(4):579–584. doi: 10.1002/ana.410340412. [PubMed: 
8215246] 

Torta DM, Castelli L, Zibetti M, Lopiano L, Geminiani G. On the role of dopamine replacement 
therapy in decision-making, working memory, and reward in Parkinson's disease: Does the 
therapy-dose matter? Brain and Cognition. 2009; 71(2):84–91. doi: S0278-2626(09)00066-9 [pii] 
10.1016/j. bandc.2009.04.003. [PubMed: 19442427] 

Tucker DM, Williamson PA. Asymmetric neural control systems in human self-regulation. 
Psychological Review. 1984; 91(2):185–215. [PubMed: 6152836] 

Uitti RJ, Baba Y, Whaley NR, Wszolek ZK, Putzke JD. Parkinson disease: Handedness predicts 
asymmetry. Neurology. 2005; 64(11):1925–1930. doi: 64/11/1925 [pii] 10.1212/01.WNL.
0000163993.82388.C8. [PubMed: 15955945] 

van der Hoorn A, Bartels AL, Leenders KL, de Jong BM. Handedness and dominant side of symptoms 
in Parkinson's disease. Parkinsonism and Related Disorders. 2011; 17(1):58–60. doi: 
S1353-8020(10)00245-2 [pii] 10.1016/j. parkreldis.2010.10.002. [PubMed: 20974546] 

van Dyck CH, Seibyl JP, Malison RT, Laruelle M, Zoghbi SS, Baldwin RM, Innis RB. Age-related 
decline in dopamine transporters: Analysis of striatal subregions, nonlinear effects, and 
hemispheric asymmetries. American Journal of Geriatric Psychiatry. 2002; 10(1):36–43. [PubMed: 
11790633] 

Verreyt N, Nys GM, Santens P, Vingerhoets G. Cognitive differences between patients with left-sided 
and right-sided Parkinson's disease. A review. Neuro-psychology Review. 2011; 21(4):405–424. 
doi: 10.1007/s11065-011-9182-x. 

Wagner HN Jr. Burns HD, Dannals RF, Wong DF, Langstrom B, Duelfer T, Kuhar MJ. Imaging 
dopamine receptors in the human brain by positron tomography. Science. 1983; 221(4617):1264–
1266. [PubMed: 6604315] 

Hanna-Pladdy et al. Page 17

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wechsler, D., editor. Wechsler Adult Intelligence Scale. 4th ed.. Psychological Corporation; San 
Antonio, TX: 2008. 

Williams LN, Seignourel P, Crucian GP, Okun MS, Rodriguez RL, Skidmore FM, Fernandez HH. 
Laterality, region, and type of motor dysfunction correlate with cognitive impairment in 
Parkinson's disease. Movement Disorders. 2007; 22(1):141–145. doi: 10.1002/mds.21220. 
[PubMed: 17089386] 

Hanna-Pladdy et al. Page 18

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanna-Pladdy et al. Page 19

Table 1

Means (standard deviations) for each group for demographics and screening measures

Group Age EDU MMSE BDI-II BAI LED UPDRS Motor On UPDRS Motor Off DUR

Control 
(n = 
42)

66.9 (4.6) 16.3 (1.5) 29.3 (0.9) 3.29 (2.46) 1.17 (1.40)

LMO 
PD (n 
= 13)

65.9 (6.5) 15.8 (2.9) 29.3 (0.9) 9.96 (4.67) 9.89 (5.49) 775 (47.1) 18.3 (3.9) 31 (7.9) 47.1 (29.9)

RMO 
PD (n 
= 23)

65.9 (8.3) 14.8 (2.4) 28.3 (1.6) 8.80 (7.02) 9.07 (9.48) 740 (55.3) 18.4 (7.0) 29.1 (9.4) 55.3 (30.4)

Note. EDU = education, number of years; MMSE = Mini-Mental Status Examination, EDIN = Edinburgh Handedness Inventory, LED = levodopa 
equivalent dose; LMO = left motor onset; RMO = right motor onset: UPDRS = Unified Parkinson's Disease Rating Scale; DUR = duration of 
diagnosis in months.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanna-Pladdy et al. Page 20

T
ab

le
 2

D
es

cr
ip

tiv
e 

st
at

is
tic

s 
of

 c
og

ni
tiv

e 
ta

sk
s 

by
 P

D
 g

ro
up

 a
nd

 m
ul

tiv
ar

ia
te

 a
nd

 u
ni

va
ri

at
e 

si
gn

if
ic

an
ce

L
M

O
 (

n 
= 

13
)

M
A

dj
. M

SD
R

M
O

 (
n 

= 
23

)
M

A
dj

. M
SD

F
p

np
2

A
tte

nt
io

n

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
1.

76
.0

91
.0

9

W
A

IS
-I

V
 D

ig
it 

Sp
an

 T
ot

al
–.

43
–.

46
1.

06
–.

64
–.

66
1.

20
3.

35
.0

40
.0

8

W
A

IS
-I

V
 D

ig
it 

Sp
an

 F
or

w
ar

d
–.

12
–.

14
1.

10
–.

35
–.

36
1.

05
.9

6
.3

87
.0

3

W
A

IS
-I

V
 D

ig
it 

Sp
an

 B
ac

kw
ar

d
–.

42
–.

44
1.

09
–.

58
–.

59
.9

4
3.

28
.0

43
.0

8

W
A

IS
-I

V
 D

ig
it 

Sp
an

 S
eq

ue
nc

e
–.

68
–.

74
1.

56
–.

83
–.

85
2.

04
3.

77
.0

28
.0

9

W
A

IS
-I

V
 L

et
te

r 
N

um
be

r 
Se

qu
en

ce
–.

71
–.

81
1.

52
–.

89
–.

94
1.

61
7.

40
.0

01
.1

7

E
xe

cu
tiv

e

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
2.

38
.0

08
0.

17

D
K

E
FS

 T
ow

er
 T

ot
al

 A
ch

ie
ve

m
en

t
–.

12
–.

11
.9

3
–.

47
–.

47
.5

9
2.

26
.1

11
.0

6

D
-K

E
FS

 T
ow

er
 R

ul
e 

V
io

la
tio

ns
–.

03
–.

07
.7

0
–.

40
–.

42
1.

34
1.

52
.2

25
.0

4

D
-K

E
FS

 T
ow

er
 T

im
e

–.
77

–.
81

1.
29

–.
84

–.
86

1.
04

7.
50

.0
01

.1
7

St
ro

op
 W

or
d

–.
59

–.
65

.9
7

–.
74

–.
76

1.
09

5.
92

.0
04

.1
4

St
ro

op
 C

ol
or

–.
20

–.
27

.8
4

–.
31

–.
34

.9
0

1.
72

.1
86

.0
4

St
ro

op
 C

ol
or

-W
or

d
–.

05
–.

12
.8

9
–.

33
–.

36
1.

09
1.

44
.2

44
.0

4

D
-K

E
FS

 F
lu

en
cy

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
1.

98
.0

71
.0

8

L
et

te
r 

Fl
ue

nc
y

–.
05

–.
01

1.
31

–.
32

–.
35

1.
42

.9
3

.3
99

.0
3

C
at

eg
or

y 
Fl

ue
nc

y
–.

44
–.

53
1.

22
–.

43
–.

46
1.

29
2.

85
.0

64
.0

7

Sw
itc

hi
ng

 F
lu

en
cy

–.
52

–.
60

1.
19

–.
63

–.
67

1.
58

4.
07

.0
21

.0
9

R
B

A
N

S 
V

er
ba

l M
em

or
y

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
3.

44
.0

01
.1

9

L
is

t L
ea

rn
in

g
–1

.1
7

–1
.2

7
1.

33
–.

96
–.

89
1.

88
8.

65
.0

01
.1

9

St
or

y 
Im

m
ed

ia
te

 M
em

or
y

–.
78

–0
.7

4
1.

48
–1

.0
8

–.
84

1.
76

4.
02

.0
22

.1
0

L
is

t R
ec

al
l

–1
.0

2
–1

.1
2

1.
34

–.
98

–.
91

1.
64

8.
47

.0
01

.1
8

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanna-Pladdy et al. Page 21

L
M

O
 (

n 
= 

13
)

M
A

dj
. M

SD
R

M
O

 (
n 

= 
23

)
M

A
dj

. M
SD

F
p

np
2

St
or

y 
R

ec
al

l
–1

.4
9

–1
.5

2
1.

97
–1

.4
3

–1
.2

5
2.

01
10

.5
3

.0
01

.2
2

V
is

uo
m

ot
or

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
2.

84
.0

03
.1

7

D
-K

E
FS

 T
ra

ils
 1

 (
V

is
ua

l)
–.

66
–.

78
2.

12
–1

.1
7

–1
.2

2
1.

89
7.

28
.0

01
.1

7

D
-K

E
FS

 T
ra

ils
 2

 (
N

um
be

r)
–1

.3
2

–1
.4

9
3.

09
–1

.7
9

–1
.8

7
2.

46
11

.9
.0

01
.2

5

D
-K

E
FS

 T
ra

ils
 3

 (
L

et
te

r)
–1

.1
9

–1
.3

6
3.

12
–2

.3
0

–2
.3

8
4.

06
9.

05
.0

01
.1

9

D
-K

E
FS

 T
ra

ils
 4

 (
N

um
be

r 
L

et
te

r)
–0

.9
7

–1
.1

3
2.

62
–2

.4
2

–2
.4

9
4.

02
9.

07
.0

01
.1

9

D
-K

E
FS

 T
ra

ils
 5

 (
M

ot
or

)
–1

.4
2

–1
.5

5
2.

15
–1

.6
6

–1
.7

2
2.

48
11

.9
.0

01
.2

5

V
is

uo
sp

at
ia

l

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
3.

05
.0

03
.1

5

R
B

A
N

S 
C

od
in

g
–.

79
–.

90
1.

32
–1

.1
6

–1
.2

1
1.

66
11

.1
1

.0
01

.2
3

R
B

A
N

S 
L

in
e 

O
ri

en
ta

tio
n

–.
09

–.
11

0.
73

–.
44

–.
45

1.
07

1.
84

.1
66

.0
5

R
B

A
N

S 
Fi

gu
re

 C
op

y
–.

65
–.

67
2.

13
–0

.7
3

–.
74

1.
55

3.
78

.0
27

.0
9

R
B

A
N

S 
Fi

gu
re

 R
ec

al
l

–.
17

–.
19

.0
2

–.
16

–.
17

.0
3

.6
5

.5
24

.0
2

FI
ne

 M
ot

or

M
ul

tiv
ar

ia
te

 b
et

w
ee

n 
su

bj
ec

ts
12

.5
7

.0
01

0.
27

Fi
ng

er
 T

ap
pi

ng
–1

.4
7

–1
.5

1
1.

20
–0

.7
8

–0
.7

8
1.

31
9.

99
.0

01
0.

23

G
ro

ov
ed

 P
eg

bo
ar

d
–2

.8
1

–3
.1

4
3.

18
–3

.4
1

–3
.4

3
2.

71
29

.9
5

.0
01

0.
47

N
ot

e.
 C

om
pa

ri
so

ns
 b

as
ed

 u
po

n 
M

A
N

C
O

V
A

 a
dj

us
te

d 
m

ea
ns

 c
on

tr
ol

lin
g 

fo
r 

ag
e,

 a
nd

 e
du

ca
tio

n 
fo

r 
V

er
ba

l M
em

or
y.

 R
M

O
 <

 c
on

tr
ol

s;
 R

M
O

 &
 L

M
O

 <
 c

on
tr

ol
s.

 W
A

IS
-I

V
 =

 W
ec

hs
le

r 
A

du
lt 

In
te

lli
ge

nc
e 

Sc
al

e 
IV

; D
S 

=
 d

ig
it 

sp
an

; L
N

S 
=

 L
et

te
r 

N
um

be
r 

Se
qu

en
ci

ng
; D

-K
E

FS
 =

 D
el

is
-K

ap
la

n 
E

xe
cu

tiv
e 

Fu
nc

tio
n 

Sy
st

em
; R

B
A

N
S 

=
 R

ep
ea

ta
bl

e 
B

at
te

ry
 f

or
 th

e 
A

ss
es

sm
en

t o
f 

N
eu

ro
ps

yc
ho

lo
gi

ca
l S

ta
tu

s;
 L

M
O

 =
 

le
ft

 m
ot

or
 o

ns
et

; R
M

O
 =

 r
ig

ht
 m

ot
or

 o
ns

et
.

 R
M

O
 <

 c
on

tr
ol

s;
 

 R
M

O
 &

 L
M

O
 <

 c
on

tr
ol

s.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2015 July 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanna-Pladdy et al. Page 22

Table 3

Significant results and descriptive statistics for within-subjects effects (medication and medication by group 

interaction)

Source SS df MS F p np2

Attention

Multivariate tests

    Medication by group interaction 8, 144 2.77 .007 .133

Univariate tests

    Medication by group

        WAIS-IV Digit Span Total 1.98 2, 74 .99 6.79 .002 .155

        WAIS-IV Digit Span Forward 2.33 2, 74 1.17 5.39 .007 .127

RBANS Verbal Memory

Multivariate tests

    Medication by group interaction 8, 142 2.34 .022 .116

Univariate tests

    Medication by group

        Story Immediate Memory 9.01 2, 73 4.51 4.54 .014 .111

        Story Memory Recall 14.99 2, 73 7.49 4.89 .010 .118

FINE Motor Control

Multivariate model

    Medication by group interaction 4, 136 3.18 .016 .085

    Hand by group interaction 4, 136 6.74 .001 .165

Univariate Tests

    Medication by group

        FT .412 2, 68 0.206 .454 .637 .013

        GP 20.48 2, 68 10.24 6.21 .003 .154

    Hand by group

        FT 17.53 2, 68 8.76 8.60 .001 .202

        GP 97.49 2, 68 48.74 14.51 .001 .299

Note. Comparisons based upon multivariate analysis of variance adjusted means controlling for age, and education for Verbal Memory.

WAIS-IV = Wechsler Adult Intelligence Scale IV; DS = Digit Span; LNS = Letter Number Sequencing; D-KEFS = Delis-Kaplan Executive 
Function System; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status.
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Table 4

Multiple comparisons and mean differences in medication by Group interactions

95% Confidence

Source Mean diff SE Sig Lower upper

Attention

    WAIS-IV Digit Span Total

                LMO .54 .150 .001 .241 .839

                RMO .12 .113 .274 –.100 .349

    WAIS-IV Digit Span Forward

                LMO .57 .183 .002 .208 .937

                RMO .09 .137 .495 –.179 .368

RBANS Verbal Memory

    Story Immediate Memory

                LMO .780 .392 .05 –.001 1.56

                RMO –.709 .304 .022 –1.32 –.103

    Story Recall

                LMO 1.01 .486 .014 .041 1.98

                RMO –.899 .378 .020 –1.65 –.146

    Grooved Pegboard

                LMO –1.58 .412 .000 –2.40 –.755

                RMO –.666 .274 .018 –1.21 –.119

Note. Comparisons based upon estimated marginal means controlling for age, and education for Verbal Memory. p < .05, where p-values are 
adjusted using the Bonferroni method.

WAIS-IV = Wechsler Adult Intelligence Scale IV; DS = Digit Span; LNS = Letter Number Sequencing; D-KEFS = Delis-Kaplan Executive 
Function System; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status. LMO = left motor onset; RMO = right motor 
onset.
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