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bstract

Studies of Parkinson’s disease (PD) suggest that cognitive deficits accompany the classically recognized motor symptoms, and that these
ognitive deficits may result from damage to frontal–basal ganglia circuits. PD patients are impaired on ordering events and action components
nto coherent sequences. In this study, we examined early-stage, nondemented, medicated PD subjects and matched control subjects during
semantic event sequencing task using functional MRI (fMRI). The task required subjects to examine four pictures of meaningful events,
etermine the correct temporal relationship between each picture, and re-order the pictures into a coherent sequence. There were two main
ndings. First, we found abnormal activation within the prefrontal cortex (PFC) and the “default” network in the PD group. Distinct areas of

he PFC showed both hypoactivation and hyperactivation, whereas the “default” network showed reduced levels of resting activation in PD.

econdly, we observed left caudate hyperactivation in the PD group. The findings are discussed in relationship to how more activation may
e compensatory, but does not necessarily mean efficient and correlated brain function.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Parkinson’s disease (PD) is an aging-related neu-
odegenerative disorder characterized by the classical
otor symptoms of bradykinesia, rigidity, tremor, postu-

al instability, and gait disturbances. A growing body of
europsychological and neuroimaging evidence suggests
hat patients with PD also have diverse cognitive problems
ffecting spatial, memory, and executive abilities, even at
elatively early stages of the disease (Amick et al., 2006;

ronin-Golomb and Amick, 2001; Dubois and Pillon, 1997).
ehavioral research on PD has demonstrated deficits in strate-
ic control, attention shifting, planning, working memory,
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nd perceptuomotor temporal sequencing. Yet, most neu-
oimaging studies focus on motor symptoms and few on
ognitive problems, and so relatively little is known about
he brain basis of high-level cognitive dysfunction in PD
Carbon and Marie, 2003). The present functional magnetic
esonance imaging (fMRI) study sought to examine the func-
ional integrity of frontal–basal ganglia circuits in early-stage,
ondemented, medicated PD participants during a semantic
vent sequencing task, an executive function that is known to
e impaired in PD and is central to many high-level activities
f daily living, such as following a recipe to prepare a meal
r organizing a daily schedule.

Neuropsychological findings suggest that damage to the
ronto-striatal system in PD results in problems with sequenc-

ng meaningful events. PD patients have been shown to be
mpaired on picture arrangement tests in which scrambled
icture sets must be re-ordered to tell a story (Beatty and
onson, 1990; Cooper et al., 1991; Sullivan et al., 1989)

mailto:chantal@bu.edu
dx.doi.org/10.1016/j.neurobiolaging.2006.10.025
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Table 1
Demographic data

Control (n = 13) PD (n = 13)

Age (years) 57 ± 2.4 57.6 ± 1.9
Education (years) 16.4 ± 0.5 16.1 ± 0.7
Onset side N/A 7 LPD, 6 RPD
Disease duration (years) N/A 5.5 ± 0.5
Hoehn and Yahr stage N/A 2.15 ± 0.09
UPDRS score N/A 34.15 ± 2.7
UPDRS motor score N/A 22.4 ± 2
MMSE 29.3 ± 0.5 (n = 10) 29.6 ± 0.2 (n = 11)
DRS 143.2 ± 0.2 (n = 9) 143.5 ± 0.15 (n = 12)
ANART 122.5 ± 1.7 121.6 ± 1.1
Digit symbol* 74.5 ± 4.2 62.3 ± 3 (n = 12)
Symbol search 32.4 ± 1.6 29.3 ± 1.7 (n = 12)
Trails A (s)† 29.2 ± 2.3 37.3 ± 3.1 (n = 12)
Trails B (s) 61.4 ± 3.7 82.3 ± 10.5 (n = 12)
BDI-II∧ 2.2 ± 1.2 8.5 ± 2
STAI-S 27.9 ± 2.5 31.2 ± 1.7 (n = 12)
STAI-T 31.2 ± 2.9 34 ± 3.1 (n = 12)

Demographic data (mean ± S.E.M.) for Parkinson’s disease (PD) and control
subjects (N = 13, unless noted otherwise). UPDRS: Unified Parkinson’s Dis-
ease Rating Scale, MMSE: Mini Mental State Examination, DRS: Dementia
Rating Scale, ANART: American National Adult Reading Test, BDI: Beck
Depression Inventory, STAI: Spielberger State and Trait Anxiety Inventory,
S: State, T: Trait. All PD subjects and 10 control subjects had at least one
dementia measure (either MMSE or DRS). Ten PD and 9 control subjects
had both MMSE and DRS measures.
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nd on related tasks entailing ordering and organizing script
nformation that is presented as action sequence components
n a scrambled order (Godbout and Doyon, 2000; Zalla et al.,
998).

We designed a semantic event sequencing task that is an
MRI variant (Tinaz et al., 2006) of the Picture Arrangement
ubtest of the Wechsler Adult Intelligence Scale-III (WAIS-
II) (Wechsler, 1997). Similarly, our picture sequencing
ask required subjects to examine four pictures of mean-
ngful events, determine the correct temporal relationship,
nd, finally, re-order the pictures into a coherent sequence
Groth-Marnat, 1999; Lezak, 1995). In a previous fMRI
tudy using this sequencing task with young healthy sub-
ects, we demonstrated that this task engages a distributed
etwork of occipitotemporal, parietal, frontal and basal gan-
lia regions (Tinaz et al., 2006). More important, we found
hat the crucial components of this network for accomplish-
ng semantic event sequencing are the dorsolateral prefrontal
ortex (DLPFC) and the globus pallidus internal part (GPi),
specially in the left hemisphere.

The goal in the present study was to examine the functional
ntegrity of these frontal–basal ganglia circuits in patients
ith PD. We predicted that PD patients would show abnormal
rain activity relative to a matched control group, specifically
n the prefrontal cortex and the basal ganglia.

. Methods

.1. Subjects

Thirteen volunteers with idiopathic PD (mean age:
7.6 ± 6.8 years (range: 46–67), mean education: 16.1 ± 2.4
ears (range: 14–21), 3 males) and 13 matched healthy con-
rol volunteers (mean age: 57 ± 8.6 years (range: 42–70),

ean education: 16.4 ± 1.9 years (range: 13–19), 3 males)
Table 1) participated with informed consent and approval
f Massachusetts General Hospital and Boston University.
iagnoses were made by staff neurologists in the outpatient

linic of the Parkinson’s Disease Center in the Department
f Neurology, Boston Medical Center. The PD and control
articipants were recruited through the Vision & Cognition
aboratory in the Department of Psychology at Boston Uni-
ersity. Some of the control participants were also recruited
hrough the Harvard Cooperative Program on Aging.

Exclusion criteria for all participants included neurologi-
al disease or medical disorders that impair central nervous
ystem function, head trauma with more than a few min-
tes loss of consciousness or other complications, learning
isability, psychiatric conditions, including schizophrenia,
ipolar disorder, personality disorder, but not anxiety and
epression because these conditions are often comorbid with

D, history of substance (drug, alcohol) dependence, or intra-
enous drug use, history of electro-shock treatment, English
s non-native language, and specific MRI safety considera-
ions.

s
i
b
p

* p = 0.029.
† p = 0.045.
∧ p = 0.019.

All PD patients had unilateral symptom onset (left-onset
n 7, and right-onset in 6 PD participants) and asymmetrical
isease course. The average duration of disease was 5.5 ± 1.9
ears. All patients were responsive to either levodopa-
arbidopa or dopamine receptor agonists. Eleven patients
ere on a combination of up to 4 medications including

evodopa-carbidopa, dopamine receptor agonists (pramipex-
le, ropinirole, pergolide), catechol-O-methyl-transferase
COMT) inhibitors (entacapone, tolcapone), monoamine oxi-
ase B (MAO-B) inhibitors (selegiline), amantadine, and
nticholinergics (trihexyphenidyl), and 2 were on dopamine
eceptor agonists only. Seven patients were on antidepres-
ants, three on antianxiety medications as needed, and four
ere taking wakefulness-promoting drugs (modafinil). Only
ne patient was on anticholinergic medication. Three patients
ho were on anxiolytics on an as needed basis did not take

heir medications on the scanning day and the day before
canning.

Scanning started within 2 ± 1.5 h after the first dose
f dopaminergic medication for the day. Before scan-
ing, patients underwent a neurological assessment while
n dopaminergic medication, including Hoehn and Yahr
1967) staging and the Unified Parkinson’s Disease Rating
cale (UPDRS) (Fahn and Elton, 1987). The mean UPDRS

core was 34.1 ± 9.8 points, including the mentation, behav-
or, mood and activities of daily living components rated
y interview, motor examination, and therapy-related com-
lications (e.g., dyskinesia, dystonia, clinical fluctuations,
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from a pilot behavioral study with different groups of PD and
control participants, subjects were given 10 s to arrange the
pictures and find the answer, and 2 s to respond. They were
instructed not to respond until they saw the “GO!” signal

Fig. 1. Top: Picture sequencing (PS) task. On each trial, four pictures were
shown that were temporally related. In the example, a banana is being peeled
and eaten. The pictures were black and white line drawings (3.4 cm × 3.4 cm,
resolution 59 pixels/cm, eye-to-screen distance 57 cm) presented simultane-
ously in a scrambled order at the center of the computer screen. A number
cue (2, 3 or 4) centered above the pictures cued subjects to find a specific
picture in the sequence. Subjects were given 10 s to order the pictures and
identify the target picture. The number cue remained illuminated throughout
the 10 s period. Subjects were told not to respond until they saw the “GO!”
signal displayed immediately after the 10 s period above the pictures for
another 2 s. Subjects indicated the location of the target picture by pressing
one of four keys on a response box that had the same spatial array as the
pictures. Bottom: Object Discrimination Control (CON) task. Four black and
S. Tinaz et al. / Neurobiol

norexia/nausea/vomiting, sleep disturbances, symptomatic
rthostasis). The mean score on the motor examination part
as 22.4 ± 7.2. In addition to tremor, all patients had at least

wo more cardinal symptoms: bradykinesia, rigidity, or postu-
al instability. The mean Hoehn and Yahr score was 2.15 ± 0.3
10 subjects had a score of 2, 2 subjects had 2.5, and 1 sub-
ect had 3). A score of 2 refers to mild bilateral involvement
ithout impairment of balance (Hoehn and Yahr, 1967).
The two groups were about evenly matched on handed-

ess. The control group included three left-handed subjects
one weakly, two strongly left-handed), and the PD group
ncluded two left-handed subjects (one moderately, one
trongly left-handed) as assessed by the Edinburgh handed-
ess questionnaire (Oldfield, 1971). In 8 PD subjects, the side
f the dominant hand was also the more affected side (six
ight-handed subjects with right-onset and two left-handed
ubjects with left-onset PD).

.2. Behavioral tests

None of the participants were demented as assessed by
he Mini Mental State Examination (MMSE) (mean: 29.6
oints for PD, 29.3 points for control) (Folstein et al.,
975) or the Dementia Rating Scale (DRS) (mean: 143.5
oints for PD, 143.2 points for control) (Mattis, 1988)
Table 1). To characterize the cognitive and behavioral pro-
les of both groups, participants were tested on standard
linical neuropsychological tests: American National Adult
eading Test (ANART) (Grober and Sliwinski, 1991) for
remorbid intellectual functioning; Digit Symbol and Sym-
ol Search subtests of the Wechsler Adult Intelligence Scale
II (WAIS-III) (Wechsler, 1997) for psychomotor speed, and
rail Making A and B tests (Reitan and Wolfson, 1993)
or complex attention and executive function. We also col-
ected scores on the Digit Span WAIS-III and FAS letter
uency tests for most subjects, further assessing working
emory and executive function. Emotional status was evalu-

ted using the Beck Depression Inventory-II (BDI-II) (Beck,
997) and Spielberger State Trait Anxiety Inventory (STAI)
Spielberger et al., 1983). A repeated measures ANOVA
as performed to assess the group effect on neuropsycho-

ogical performance and group × test interactions. Statistical
hreshold was set at p < 0.05 (Geisser–Greenhouse corrected).
ndependent-sample t-tests were performed to detect subtle
roup differences. Statistical threshold was set at p < 0.05,
ncorrected for the t-tests. All statistical tests were performed
sing SPSS 11.0.2 for Macintosh.

.3. Design

As in our prior semantic event sequencing study, a block
esign was used (Tinaz et al., 2006). Each block in both

icture sequencing (PS) and object discrimination control
CON) tasks included 4 trials. In each run, 3 blocks each
f the PS and CON tasks alternated with each other. A white
ross at the center of the computer screen indicated a baseline

w
n
T
f
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xation period of 30 s at the start and 40 s at the end of each
un; participants were instructed to fixate the cross and rest
uring this time. Each subject performed 4 runs in one exper-
mental session (one run of one PD subject was lost due to
echnical problems). The order of PS and CON blocks in each
un was randomized and counterbalanced across subjects.

.4. Procedure

The PS task required subjects to order a series of four
ictures (e.g., airplane lifting off, bird building a nest). The
ON task controlled for the visuospatial, semantic, and motor
omponents of the PS task, and did not include a semantic
equencing component. The CON task required subjects to
nd the living item among a set of four objects (see Fig. 1).

Subjects completed 48 trials of both tasks (PsyScope Ver-
ion 1.2.5) (Cohen et al., 1993). The ordinal position of the
ictures in the horizontal array was randomized and coun-
erbalanced across trials. Trial timing was modified slightly
rom our prior study with a young population (Tinaz et al.,
006) to accommodate the slower processing of the older nor-
al and PD populations in this study. Based on the results
hite line drawings of living and nonliving objects were presented simulta-
eously. Three out of four line drawings were from the nonliving category.
he cue “L” above the pictures instructed the subjects to identify the object

rom the living category. In the example, the bird is the living object. All
ther procedures in the CON task were the same as the PS task.
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hat was illuminated after the 10 s sequencing period. This
llowed us to synchronize the motor response component in
oth PS and CON tasks. By displaying the “GO!” cue on top
f the pictures and always having the four pictures available
o the subject, we intended to minimize the working memory
equirement during the response period in both tasks. Sub-
ects responded using both hands. Left-hand and right-hand
esponses were counterbalanced. Each subject practiced both
asks just before functional imaging outside and also inside
he scanner during the acquisition of the structural MRI scans.

.5. Performance data analysis

Response time (RT) and accuracy was assessed in a
epeated measures ANOVA with group as the between-
ubject factor, and task condition as the within-subjects factor
sing SPSS 11.0.2 for Macintosh. Statistical threshold was
et at p < 0.05 (Geisser–Greenhouse corrected).

.6. FMRI acquisition and design

Scanning was performed on a 3T Siemens Allegra
RI system using a whole-head coil. High-resolution T1-
eighted anatomical scans (MP-RAGE; FOV = 256 mm ×
56 mm, matrix = 192 × 256, TR = 6.6 ms, TI = 300 ms,
E = 2.9 ms, flip angle = 8◦, thickness = 1.33 mm) and four
2*-weighted functional blood oxygenation level depen-
ent (BOLD) scans (179 images per scan, gradient-echo,
cho-planar pulse sequence, 21 AC-PC slices, slice thick-
ess = 5 mm, 1 mm skip between slices, TR = 2 s, TE = 30 ms,
ip angle = 90◦, 64 × 64, 3 mm × 3 mm × 5 mm voxels) were
ollected.

.7. FMRI data analysis

Data were analyzed using SPM2 (Welcome Dept. of
ognitive Neurology). All scans were realigned, unwarped

Andersson et al., 2001), then normalized to MNI305 stereo-
actic space (interpolating to 2 mm3 voxels; neurological
onvention), and spatially smoothed with a 4 mm3 Gaussian
ernel. For between-group comparisons, an 8 mm3 Gaussian
ernel was used for smoothing in order to account for the
ntersubject variability of the cortical and subcortical struc-
ures. Statistical analyses employed the general linear model.
esign matrices were modeled in scans convolved with a

anonical hemodynamic response function with time deriva-
ive. High-pass filtering with a cutoff period of 128 s was
pplied, but global signal scaling was not used to avoid spu-
ious deactivations.

Task-related activation was assessed by linear contrasts
f PS blocks relative to fixation, and CON blocks relative
o fixation. The 2 s response period was included in the

nalysis. Sequencing-related activation was assessed in
inear contrasts of PS relative to CON blocks. Task-induced
ecreases in activation were also assessed in linear contrasts
f fixation relative to PS and fixation relative to CON

2

t

ging 29 (2008) 397–407

locks, and sequencing-related decreases in activation were
ssessed in linear contrasts of CON relative to PS blocks.
ontrast images were first created for each subject and were

ubsequently used in a second-level analysis treating subjects
s a random effect (one-sample t-test). These group averaged
tatistical parametric maps (SPMs) were corrected across the
hole brain for multiple voxel-wise comparisons using the

alse discovery rate (FDR) procedure (p < 0.05) (Genovese
t al., 2002). Between-group comparisons of each contrast
ere made using two-sample t-tests. In these between-group

omparisons, we ensured that the direction of signal change
ould be the same as for the within-group contrast by using
asking. For example, the PS > CON contrast from the
D group was used as an inclusive mask for evaluating

he target, namely the PD > control group comparison in
he PS > CON contrast. The significance level of the mask
as p < 0.05, uncorrected; inclusive masking at this liberal

hreshold removes all voxels from the target contrast that
o not reach the significance level in the masking contrast.
he resulting SPM shows only those voxels that are shared
oth by the target and masking contrasts. Between the two
roups, we aimed to detect subtle differences in signal
ntensity primarily within the 6 regions of interest (ROIs:
refrontal cortex, caudate, and globus pallidus internal part,
ilaterally). So, the statistical threshold for between-group
omparisons was set to p < 0.008 (0.05 divided by 6),
ncorrected. Extent threshold was always 5 voxels.

.7.1. Functional connectivity analysis
To assess the functional connectivity between the basal

anglia and other brain regions, especially frontal lobes, in
he PS task, we performed a correlation analysis. We selected
he globus pallidus internal part (GPi) and caudate bilaterally
s the ROIs because both areas are critical for sequencing
Dagher et al., 1999; Schendan et al., 2003; Tinaz et al., 2006).
he ROI masks were created anatomically using the WFU-
ick Atlas tool in SPM2 (Maldjian et al., 2003), and applied

o the PS > baseline contrast image of each subject. FMRI
ignal intensity time courses were extracted from the clusters
round the peak activation in the GPi and caudate masks for
ach subject using the Volume of Interest (VOI) tool in SPM2
adjusted for effects of interest). The time courses were used
eparately as regressors in a simple correlation analysis at
he single subject level. Finally, single subject SPMs were
reated and entered in a second-level analysis using a one-
ample t-test. Group-averaged SPMs were corrected across
he whole brain for multiple voxel-wise comparisons using
he family-wise error (FWE) correction procedure (p < 0.05)
ith a 5 voxel extent threshold. The differences in the func-

ional connectivity maps between the PD and control groups
ere examined using a two-sample t-test (FDR-corrected
< 0.05).
.7.2. Region of interest analysis
Signal intensity time courses during the PS and CON

asks were extracted from the ROIs of GPi, caudate, and
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orsolateral prefrontal cortex (DLPFC). Right and left GPi
nd caudate volumes were defined anatomically using the

FU-Pick Atlas tool in SPM2, and the time courses were
xtracted from the whole volumes (not only from the peak
lusters) and averaged across four runs. For the DLPFC
OI definition, a combined one-sample t-test group analy-
is was performed on the PS > baseline and CON > baseline
ontrasts of all PD and control subjects, and the peak activa-
ion was determined in this composite group map (N = 26) in
he DLPFC bilaterally (x = 52 mm, y = 40 mm, z = 20 mm for
ight DLPFC and x = −50 mm, y = 30 mm, z = 26 mm for left
LPFC during sequencing; x = 38 mm, y = 44 mm, z = 24 mm

or right DLPFC, and x = −50 mm, y = 32 mm, z = 24 mm for
eft DLPFC during control tasks). This approach has been
sed previously in fMRI studies investigating the signal inten-
ity changes in the experimental group relative to the control
roup (Buckner et al., 2000; Schon et al., 2005). The coor-
inates of the DLPFC activations overlap closely with those
rom our prior study with young subjects (Tinaz et al., 2006).
pherical ROI masks were created around these peaks with a
adius of 5 mm using the Marsbar tool in SPM2 (Brett et
l., 2002). These masks were applied to each single sub-
ect’s PS > baseline and CON > baseline contrasts, and time
ourses were extracted using the Marsbar tool. Percent signal
hange was calculated for each subject’s data using the fitted
vent response option across 48 s blocks in both PS and CON
onditions separately, and averaged across four runs. Aver-
ged time courses were analyzed using a repeated measures
NOVA with group as the between-subject factor, and task

ondition as the within-subject factor. Statistical threshold
as set at p < 0.05 (Geisser–Greenhouse corrected).

.7.3. PD subgroups
We tested approximately equal samples of PD patients

ith left- (LPD) and right-side (RPD) onset of motor symp-
oms whose symptoms were mild to moderately bilateral.
ven so, due to the asymmetrical disease course, we also
valuated the hypothesis that RPD and LPD patients would
how differential hemispheric dysfunction, as has been found
n similar samples of PD patients (e.g., Amick et al., 2006).

e found no clear evidence for differences between LPD and
PD subgroups in either the fMRI or behavioral results, and

herefore we focused all subsequent analyses on the results
ollapsing across the entire PD group. It remains possible
hat side of onset effects may be found with a larger subgroup
ample.

. Results

.1. Behavioral data
.1.1. Neuropsychological results
The repeated measures ANOVA revealed no significant

roup effect on the neuropsychological test performance
F(1,23) = 2.24, p = 0.15). However, there was a group x test

3
t
s
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nteraction (F(1,7), p = 0.025). Independent-sample t-tests
evealed significant slowing in the PD group compared to
ontrols on the Digit Symbol (t = −2.36, p = 0.028) and Trail
aking A (t = 2.1, p = 0.048) tests, and significantly higher

cores on BDI-II (t = 2.67, p = 0.015) but still clearly within
he normal mood range (Table 1). Independent-sample t-
ests did not show group differences on Digit Span forward
10 PD, 7.8 ± 0.92; 10 control, 7.2 ± 1.14; t = 1.3, p = 0.21)
nd backward (PD, 5.1 ± 1.52; control, 5.8 ± 1.14, t = −1.17,
= 0.26) and FAS performance (9 PD, 47.8 ± 12.4; 10 con-

rol, 53.2 ± 6.7, t = −1.2, p = 0.27).

.1.2. Task performance
The average of the median response times (RTs) in the

S task was 556 ms (S.D. = 111), in the CON task 566 ms
S.D. = 88) in the control group, and 579 ms (S.D. = 154)
nd 580 ms (S.D. = 126), respectively, in the PD group. The
epeated measures ANOVA revealed no main effect of group
n the RTs (F(1,24) = 0.15, p = 0.7). There was also no main
ffect of task condition on the RTs (F(1,1) = 0.29, p = 0.6).

The control group made an average of 3 errors (S.D. = 2.2)
n the PS and 0.85 (S.D. = 1.5) error in the CON task, whereas
he PD group made an average of 5 (S.D. = 3.3) and 1.2
S.D. = 1.3) errors, respectively. The ANOVA indicated a
rend towards an effect of group on accuracy in the PS task
F(1,24) = 3.4, p = 0.08) with the PD group performing worse.
here was a main effect of task condition with both groups
erforming more accurately on the CON task compared to the
S task (F(1,1) = 24, p > 0.0001), replicating prior findings
ith these tasks (Tinaz et al., 2006).

.2. FMRI results

.2.1. Within-group contrasts
The results of group averaged BOLD data are reported

t p < 0.05, corrected for multiple voxel-wise comparisons
sing the FDR procedure.

.2.1.1. Task > baseline (fixation). The general activation
attern observed in the task > baseline contrasts was simi-
ar in both groups, including widespread activation in the
ccipitotemporal, parietal, and frontal cortices, and basal gan-
lia. Specifically, in the CON > baseline contrast, the control
roup showed right dorsolateral prefrontal cortex (DLPFC),
eft putamen, and left globus pallidus internal part (GPi) acti-
ation, whereas the PD group showed bilateral activation in
he same areas. The PS > baseline contrast in both groups
evealed robust and bilateral activation in the DLPFC and
rontopolar areas. Basal ganglia were also bilaterally involved
n the PD group, whereas the control group did not show left
audate activation.
.2.1.2. Picture sequencing (PS) task > object discrimina-
ion control (CON) task. Both groups demonstrated robust
equencing-related activation bilaterally in the dorsolateral
refrontal and frontopolar cortices and the basal ganglia,



4 ogy of A

e
g
p

3
c
t
a
a
g
m
a
r

3
s
r
s
v
e
s
g

3

C
a
r

3
t
P
t
(
e
O
g
(
a
o

t
4
r
e
c
(
p
c
A
o
z
t
t
t

r
c

3
s
P
m
a
b
o
t

3

s
g
p
t
t
t

3
3
t
t
(
o
t

3
c
a
b
a
g

3
l

3
d
g
l

3

n
F

3

02 S. Tinaz et al. / Neurobiol

xcept for the left caudate, which was activated only in the PD
roup (see Fig. 1, and Tables 1 and 2 for coordinates in sup-
lementary material).

.2.1.3. Baseline (fixation) > task. Baseline > CON task
ontrast revealed no areas of activation in either group. In
he baseline > PS task contrast, the control group showed
ctivation in bilateral medial superior frontopolar and
nterior cingulate cortices, right medial superior frontal
yrus, left precuneus, left lingual gyrus, right superior and
iddle temporal gyri, left superior temporal/angular gyrus,

nd right lateral postcentral gyrus. The same contrast did not
eveal any area of activation in the PD group.

.2.1.4. Object discrimination control (CON) task > picture
equencing (PS) task. This contrast revealed sequencing-
elated relative decreases in activation. The control group
howed activation in this contrast in bilateral dorsal and
entral medial prefrontal cortex, medial posterior pari-
tal/cingulate areas, superior and middle temporal gyri,
ensorimotor cortex, and left medial temporal areas. The PD
roup did not show any activation.

.2.2. Between-group comparisons
The results of the main contrasts of interest, PS > CON and

ON > PS (see supplementary material for other contrasts),
re reported at p < 0.008 uncorrected, after masking with the
espective within-group contrasts.

.2.2.1. Picture sequencing (PS) task > object discrimina-
ion control (CON) task. The control group compared to
D patients showed greater activation in the right precen-

ral/inferior frontal gyri (BA 6/44), and middle frontal gyrus
BA 9), and in the left precentral gyrus close to the frontal
ye fields, demonstrating regions of hypoactivation in PD.
n the other hand, the PD group compared to the control
roup showed greater activation in the middle frontal gyrus
BA 8), caudate, and lateral orbitofrontal cortex on the left,
nd in bilateral sensorimotor cortex, demonstrating regions
f hyperactivation in PD.

To examine the PD hyperactivation in the left caudate fur-
her, we applied Gaussian-field, small-volume correction in
mm spherical clusters centered at the peak activations. The

esults were significant at p < 0.05, corrected for family-wise
rrors (FWE) (x = −16 mm, y = 26 mm, z = −2 mm (FWE-
orrected p = 0.024, z = 2.76) and x = −4, y = 16, z = −2
FWE-corrected p = 0.03, z = 2.68)). We also performed a
ost hoc signal intensity time course analysis around the left
audate head activation in both groups during the PS task.

spherical map with 4 mm radius centered around the peak
f the left caudate head activation (x = −16 mm, y = 26 mm,

= −2 mm) in the PD group was created. Signal intensity

ime courses were extracted for each subject by applying
his mask to the PS task activation maps using the Marsbar
ool in SPM2. An independent-sample t-test in SPSS 11.0.2

i
C
e
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evealed significantly higher signal intensity in the PD group
ompared to controls (t = −2.8, p = 0.01).

.2.2.2. Object discrimination control (CON) task > picture
equencing (PS) task. The control group compared to the
D group showed activation in bilateral dorsal and ventral
edial prefrontal cortices, medial posterior parietal/cingulate

reas, superior and middle temporal gyri, sensorimotor cortex
ilaterally, and in the caudate, medial temporal areas and
rbitofrontal cortex on the left. The PD group compared to
he control group did not show any activation in this contrast.

.3. Functional connectivity results

The relative strength of functional connectivity in the
equencing task varied across groups and different basal
anglia structures. Results are reported at FWE-corrected
< 0.05. The correlation maps did not reveal clear lateraliza-

ion differences between LPD and RPD subgroups. Therefore
he reported results reflect the functional connectivity across
he entire PD group.

.3.1. Within-group contrasts

.3.1.1. Left globus pallidus, internal part (GPi). In the con-
rol group, the left GPi activation correlated with itself. In
he PD group, it correlated with itself and the left precuneus
note, PD results reflect the average of 12 subjects because
ne PD subject did not show reliable left GPi activation in
he PS > baseline contrast).

.3.1.2. Right globus pallidus, internal part (GPi). In the
ontrol group, the right GPi activation correlated with itself
nd the left GPi. In the PD group, it correlated with itself and
ilateral putamen, thalamus, medial superior frontal, inferior
nd middle frontal (BA 9 and 46) gyri, and supramarginal
yrus, all on the right side.

.3.1.3. Left caudate. There was no correlation between the
eft caudate and any brain area in either group.

.3.1.4. Right caudate. In the control group, the right cau-
ate did not correlate with any other brain area. In the PD
roup, it correlated with itself, and the right putamen/GPi,
eft caudate, and right lateral orbitofrontal cortex.

.3.2. Between-group comparisons
The functional connectivity maps did not differ sig-

ificantly between the two groups (two-sample t-test,
DR-corrected, p < 0.05).

.4. Signal intensity time courses in regions of interest
Bar graphs in Fig. 2 demonstrate the percent signal change
n the caudate, GPi, and DLPFC in both groups during PS and
ON tasks. The repeated measures ANOVA revealed no main
ffect of group for the signal intensity time courses extracted



S. Tinaz et al. / Neurobiology of Aging 29 (2008) 397–407 403

Fig. 2. Picture Sequencing (PS) > Object Discrimination Control (CON) contrast. Group-averaged activation patterns in the regions of interest (ROIs) in the
control (n = 13) and Parkinson’s disease (PD) groups (n = 13) are shown on the coronal slices of the canonical brain in SPM2. Anatomically defined masks
were used to display the activation in the ROIs using the WFU-Pick Atlas tool in SPM2. Top: Bilateral dorsolateral prefrontal cortex (y = 36 mm for both
groups); Middle: right caudate in the control group (y = 12 mm), bilateral caudate in the PD group (y = 10 mm); Bottom: Bilateral globus pallidus internal part
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y = −4 mm for the control group and y = −10 mm for the PD group). Bar
roups (open bars: Control group, gray bars: PD group) and tasks (PS: Pictur
ortex, CD: Caudate, GPi: globus pallidus internal part, l: Left, r: Right F
ables 1 and 2 in the supplementary material.

rom the caudate, GPi, and DLPFC during the PS and
ON tasks (left caudate: F(1,24) = 1.2, p = 0.3; right caudate:
(1,24) = 0.9, p = 0.4; left GPi: F(1,24) = 0.01, p = 0.9; right
Pi: F(1,24) = 0.16, p = 0.3; left DLPFC: F(1,24) = 0.06,
= 0.8; right DLPFC: F(1,24) = 0, p = 1). There was a sig-
ificant main effect of task condition with a higher percent
ignal change during the PS than the CON task in both
roups (left caudate: F(1,1) = 6.3, p = 0.02; right caudate:
(1,1) = 22, p = 0.0001; left GPi: F(1,1) = 15.4, p = 0.001;
ight GPi: F(1,1) = 16.4, p = 0.0001; left DLPFC: F(1,1) = 40,
= 0.0001; right DLPFC: F(1,1) = 27, p = 0.0001). The

ocused ROI analysis within the left caudate head activation
uring the PS task revealed significant differences between

o
e
(
c

show percent signal change extracted from these ROIs bilaterally for both
ncing, CON: Object Discrimination Control). PFC: Dorsolateral prefrontal
oordinates, and z and p values of these ROIs and of other brain areas see

he two groups. PD group showed a higher percent signal
hange compared to the control group (PD: 0.09% ± 0.15;
ontrol: −0.1% ± 0.2; independent-sample t-test, t = −2.8,
= 0.01).

. Discussion

The goal of this study was to assess the functional integrity

f frontal lobe–basal ganglia systems during a semantic
vent sequencing task in patients with Parkinson’s disease
PD). Comparisons between PD patients and a matched
ontrol group reveal two main findings. First, although the
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lobal network pattern of brain systems recruited during the
equencing task is similar between the PD and the normal
ontrol groups, the PD patients do not show normal levels
f activation. PD patients have semantic event sequencing-
elated (PS > CON) hypoactivation in frontal areas normally
ecruited for the PS task, that is, right premotor/inferior
rontal areas (BA 6/44) and right dorsolateral prefrontal cor-
ex (BA 9). In addition, PD patients show hyperactivation in
ne region normally recruited for the PS task (left BA 8) and
n several others not specific to the PS task (left caudate and
rbitofrontal regions, and bilateral sensorimotor cortices).
dditional evidence for abnormal brain activity in PD is our
nding that the activation level of a resting or “default” net-
ork of brain regions is reduced in the PD group compared
ith the control group. Second, the functional connectivity
ndings extend this picture of semantic sequencing-related
D brain dysfunction in two ways. One, we found that the left
audate hyperactivity in PD does not correlate with activity
n other brain areas. Two, we found hemispheric differences
etween the two groups: The PD group demonstrates stronger
orrelations in frontal–basal ganglia circuits in the right
emisphere, even though the semantic sequencing task nor-
ally recruits left frontal–basal ganglia loops more strongly

Tinaz et al., 2006). These findings are discussed here in
elationship to other studies of executive function in PD.

.1. Areas of abnormal activation

Analysis of signal intensity time courses in the DLPFC,
audate, and GPi did not reveal differences between control
nd PD groups, and behavioral performance was relatively
ormal in the PD group. PD patients made slightly more
rrors than controls on the PS task, although this difference
as not significant. We thus consider our PD patients to have
erformed relatively normally on this task with at most a mild
mpairment.

We chose to focus on the DLPFC, caudate, and GPi regions
ecause our previous findings indicated that these regions
orm the critical “loop” necessary for this task (Tinaz et al.,
006). Here, we demonstrate that early-stage PD patients
n medication can perform the high-level cognitive task of
emantic event sequencing relatively normally compared to
atched controls, and the same sequencing-related DLPFC

nd basal ganglia regions are active in both groups. However,
he relative level of activation of the frontal–basal ganglia cir-
uit was abnormal. PD patients show relative hypoactivation
n the critical DLPFC part of the circuit (right BA 9). Hypoac-
ivation of this small portion of the critical DLPFC-basal
anglia circuit may underlie our observation of accuracy
or PD patients on the PS task that is slightly reduced but
till comparable to normal performance. Hypoactivation was
lso found in precentral/inferior frontal gyri, areas that are

ormally active in the PS task, but outside the critical DLPFC-
asal ganglia circuit (Tinaz et al., 2006).

Abnormal hyperactivation was also noted cortically. In the
eft middle frontal gyrus (BA 8), the PD group showed rela-

g

t

ging 29 (2008) 397–407

ive hyperactivation. This area is involved in maintenance of
isuospatial information in working memory (Courtney et al.,
998; Rowe and Passingham, 2001) and was also active in the
S > CON contrast in our previous study with young subjects
Tinaz et al., 2006). The PS task requires selective updat-
ng of neural representations of the pictures held in working

emory. BA 8 activity may thus reflect the working memory
aintenance demands of the PS task, which may be espe-

ially high for PD patients. Relative hyperactivation in BA
may reflect compensatory activity to achieve the normal
orking memory and executive function we observed in our
D patients based on our clinical test assessment.

We also found evidence for abnormal hypoactivation of
“default” resting state network in PD. During the CON

elative to the PS task, the control group, but not the
D group, demonstrates recruitment of a task-independent
default” resting state network, including the ventromedial
nd dorsomedial prefrontal cortices, medial parietal and pos-
erior cingulate cortex, and the lateral occipitotemporal areas
Gusnard and Raichle, 2001; Raichle et al., 2001). Activa-
ion of these “default” areas has been implicated in various
spects of self-referential analysis (i.e., internally-driven,
hen people are in a state of relative ‘rest’) (Fox et al.,
005) and has been shown to decrease when subjects per-
orm goal-directed tasks that demand shifting the allocation
f attentional resources from these self-referential processes
o task-related processing (i.e., externally-driven) (Gusnard
nd Raichle, 2001; Raichle et al., 2001). In addition, the
default” areas have been shown to be correlated with each
ther, while being anticorrelated with areas in the frontopari-
tal network for attention and working memory (Fox et al.,
005). The relationship between these two anticorrelated net-
orks are consistent with our finding that the control group
emonstrates decreased recruitment of the “default” resting
tate network during the sequencing relative to the control
ask, whereas the PD group did not demonstrate any area
f decreased activation during sequencing. This direction of
ffects and the brain regions involved have also been reported
n previous fMRI studies of normal aging and dementia
Herholz et al., 2002; Lustig et al., 2003). This may reflect the
pecific cognitive demands of the PS task for PD patients. In
articular, the PS task requires subjects to allocate their atten-
ion to the processing of external stimuli, and no external
ue is available to guide subjects in solving the sequencing
roblem. Hence, subjects have to plan a strategy and initi-
te their plan using internally-generated cues. This process
ay be harder for PD patients given their well-known deficits

n internally-generating and initiating plans (Owen et al.,
998, 1992), requiring the recruitment of additional cortical
esources, including the regions in the “default” network.

.2. Functional connectivity changes in frontal–basal

anglia circuits in PD

Although the signal intensity time courses extracted from
he whole caudate volume did not differ between the groups,
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he head of the left caudate showed relative hyperactivation
uring sequencing in the PD group and was actually not active
n the control group. The ROI analysis of the left caudate head
ctivation also revealed significantly higher signal intensity
n the PD group compared to controls. The left caudate head
yperactivation in the PD group might reflect compensatory
ctivity related to working memory demands. Support for this
dea comes from a study that found activation in left caudate
ody, as well as a similar set of prefrontal regions during a
emantic working memory task with words (Crosson et al.,
999) and a study that reported bilateral caudate head activa-
ion during verbal working memory tasks, though activation
s greatest when manipulation processes are required (Lewis
t al., 2004). However, the simple regression analysis did not
eveal a correlation between this left caudate head activa-
ion and any brain area in the PD group. Thus, alternatively,
s the left caudate activity is uncorrelated with other brain
tructures, most notably the frontal lobe regions that project
eavily to the head of the caudate nucleus (Middleton and
trick, 2001), this activity may be inefficient for task-related
rocesses or might reflect an ongoing disease process, or both.

With young subjects, we have shown that the seman-
ic sequencing task recruits regions in the left hemisphere

ore (Tinaz et al., 2006). By contrast, in the PD group, the
egression analysis in the current study demonstrated that
he right caudate and right GPi correlation maps were more
ignificant and widespread compared to those on the left.
his pattern of greater right hemisphere recruitment in PD
as not observed in the control group, and the different
attern between groups cannot be attributed to differences
n participant handedness, as the PD and control groups
ad comparable handedness, and our bimanual tasks would
educe any handedness effects. These findings suggest that
he right hemisphere frontal–basal ganglia circuit shows com-
ensatory hyperactivation in the PD group. This result is
onsistent with other findings of greater recruitment of the
emisphere opposite the dominant one for the task in other
D studies (Carbon and Marie, 2003) and evidence for right
audate recruitment for spatial executive tasks in PD patients
Cheesman et al., 2005).

.3. Effects of dopamine

The relatively normal semantic event sequencing perfor-
ance and normal pattern of task-related brain activity (i.e.,
S > CON for PD and control groups) and hyperactivation
f left caudate, left orbitofrontal, and bilateral sensorimotor
ortex regions outside the normal PS task network, suggests
he operation of compensatory mechanisms in our medicated,
ild PD patients. The abnormal hyperactivation noted in our

tudy may reflect a combination of compensatory processes
utside the PS task network, inefficient processing within the

S task network (in BA 8), and partial dopamine amelioration
ffects.

Since our PD subjects were all tested while on medication,
t is important to consider the extent to which the normalizing

h
(
m
c
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ffects of dopaminergic medication are responsible for the
ormal performance and brain activation patterns noted in
his study.

Executively unimpaired PD patients on dopamine show
ormal behavioral performance and brain activation in
ask-related networks (Lewis et al., 2003). Some neuropsy-
hological findings indicate PD patients perform better on
xecutive function tasks under dopaminergic medication rela-
ive to the unmedicated state, for instance in working memory
asks that require manipulating information (Lewis et al.,
005), in spatial working memory tasks (Lange et al., 1992),
ask-set switching paradigms (Cools et al., 2001), in the “per-
everation” condition of set-shifting tasks (Owen et al., 1993),
nd in planning tasks (Lange et al., 1992). However, many
ther neuropsychological studies find cognitive deficits even
n medicated PD patients relative to control groups (Cronin-
olomb and Amick, 2001). On a verbal, semantic event

equencing task, nondemented, mild to moderate PD patients
ested on dopaminergic medication made significantly more
equencing and perseverative errors and irrelevant intrusions,
nd generated scripts more deprived of contextual elements,
ompared to a control group (Godbout and Doyon, 2000).
owever, since this study did not test the PD patients also
ff dopaminergic medication, it is unclear if dopamine might
till have somewhat improved sequencing performance rela-
ive to worse performance in the off-state, albeit not to normal
evels. The PD group in our study also made more errors in
he sequencing task compared to the control group, but this
ifference did not reach significance, thus we considered our
D subjects mildly impaired at most. We cannot rule out that
ur PD group performed well on the PS task, and showed
corresponding normal pattern of brain activation, in part

ue to the normalizing effects of dopamine. This cannot be
he whole story, however, because dopamine normalization
ffects cannot explain our hyperactivation findings.

Overall, neuroimaging findings suggest two alternative
xplanations for the finding of relatively normal performance
ssociated with hyperactivation in PD patients, whether on
r off dopaminergic medication. These two alternatives can
e summarized as “compensation” versus “efficiency”, and
re not mutually exclusive. This brain–behavior combination
eflects compensatory processing, if found in regions outside
f the normal task-related brain network, or instead reflects
ess efficient neural information processing (leading to hyper-
ctivation), if found in regions within the normal task-related
etwork. Hyperactivation in task-related areas has been found
n PD patients off dopaminergic medication and attributed
o increased neural activity that compensates for inefficient
ntrinsic processing that can, however, be made more effi-
ient when dopamine is administered. Imaging studies of
D patients in the off-state while performing planning (e.g.,
ower of London task) and spatial working memory tasks

ave shown cortical hyperactivation compared to controls
Cools et al., 2002; Dagher et al., 2001). In a verbal working
emory task, greater cortical activation was found in the off-

ompared to the on-state in the same PD group (Mattay et
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l., 2002). Dopaminergic medication is thought to increase
he neurophysiological, information processing efficiency of
refrontal cortex, concomitantly reducing activation of this
ortex, relative to the off-state. By contrast, when off medi-
ation and in a hypodopaminergic state, the processing is less
fficient and so more processing effort must be expended to
chieve normal performance, thereby resulting in observed
MRI hyperactivation in brain regions normally involved in
he task.

In the present experiment, hyperactivation in left BA 8,
hich is normally part of the PS task network, could reflect

ess efficient neural processing that is not fully ameliorated
y dopamine in our medicated PD patients.

Most of our hyperactivation was in areas that are out-
ide the PS task network (i.e., left caudate, orbitofrontal, and
ilateral sensorimotor cortices). This hyperactivation is con-
istent with neural information processing that compensates
or dysfunction within the critical fronto-striatal network
or semantic event sequencing (i.e., hypoactivation in right
LPFC (BA9), precentral/inferior frontal gyri, and perhaps
yperactivation in BA 8). The compensatory hyperactiva-
ion outside the PS task network may further contribute to
chieving the normal semantic event sequencing performance
hat we observed, perhaps in addition to any benefits from
opamine normalization.

In conclusion, we think that the substantial abnormal brain
ctivation that we observed in PD patients is most compatible
ith the idea that frontal–basal ganglia circuits are dysfunc-

ional in mild PD, but dopamine has some partial ameliorating
ffects on the parts of the circuit specifically recruited to
ccomplish semantic event sequencing.
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Supplementary Material- Additional Results, Tables, and Figure 

Between-Group Comparisons 

All results are reported at p < 0.008 (uncorrected) after masking with the 

respective within-group contrasts.   

Task > Baseline 

Picture Sequencing (PS) > Baseline (fixation) 

Control > PD group: This comparison, masked with the PS > baseline contrast of 

the control group, revealed activation in the left precentral gyrus close to the frontal eye 

field and right middle temporal gyrus. 

PD > control group: This comparison, masked with the PS > baseline contrast of 

the PD group, revealed activation in the middle frontal gyrus (BA 8), dorsomedial 

prefrontal areas, sensorimotor cortex, and medial and lateral occipitotemporal areas 

bilaterally; right middle frontopolar, left lateral orbitofrontal, and left posterior cingulate 

cortices, and left caudate. 

Object Discrimination Control (CON) > Baseline (fixation) 

Control > PD group: There was no activation in this comparison, masked with the 

CON > baseline contrast of the control group.  

PD > control group: Masked with the CON > baseline contrast of the PD group, 

this comparison revealed activation in the same areas as in the PS > baseline comparison, 

except the left caudate and the left lateral orbitofrontal cortex. 

* Manuscript



Baseline > Task 

Baseline > Object Discrimination Control (CON) Task 

Control > PD group: Areas that showed activation in this comparison were the 

right dorsomedial PFC, posterior cingulate areas, sensorimotor cortex, and superior 

temporal gyri bilaterally, and the medial temporal areas on the right, after masking with 

the Baseline > CON contrast of the control group.  

PD > control group: No area demonstrated activation in this comparison when 

masked with the Baseline > CON contrast of the PD group.  

Baseline > Picture Sequencing (PS) task 

Control > PD group: This comparison, masked with the Baseline > PS contrast of 

the control group, showed activation in the dorsal and ventral medial prefrontal cortex, 

medial posterior parietal / cingulate areas, superior and middle temporal gyri, 

sensorimotor cortex, and medial temporal areas bilaterally, and in the left caudate.  

PD > control group: No area demonstrated activation in this comparison when masked 

with the Baseline > PS contrast of the PD group.  



Table 1. Control Group. Picture Sequencing  > Object Discrimination Control   
                                                                              MNI Coordinates 
                                                                              
 
Region 

 
Side 

Brodmann 
areas 

 
x 

 
y 

 
z 

 
Z score 

Occipitotemporal       

       
   Occipital lobe R BA 18/19 36 -84 12 5.26** 
       
 L  -32 -88 10 5.25** 
       
   Lateral FG / IT R BA 20/37 54 -52 -24 4.65** 
       
    L  -58 -56 -14 4.66** 
       
   Hippocampus / PHG  R  26 -30 -6 4.88** 
       
 L  -22 -30 -4 4.57** 
       
Parietal       
       
   Supramarginal gyrus R BA 40 46 -52 44 5.15** 
       
 L  -38 -50 44 4.62** 
       
   Inferior parietal lobule R BA 39 34 -78 24 4.87** 
       
 L  -28 -76 20 5.77** 
       
   Superior parietal gyrus R BA 7 22 -72 50 4.72** 
       
 L  -24 -76 52 5.52** 
       
Frontal       
       
   Premotor cortex   R BA 6 44 4 28 4.89** 
       
 L  -48 8 28 4.96** 
       
   Pre-SMA   0 22 46 4.71** 
       
   Orbitofrontal cortex R BA 47/12 32 26 -4 5.57** 
       
 L  -32 24 -8 5.05** 
       



Table 1. (Continued) 
                                                                            MNI Coordinates 
 
 
Region 

 
Side 

Brodmann 
areas 

 
x 

 
y 

 
z 

 
Z score 

   Ventrolateral PFC R BA 44/45 54 14 14 5.16** 
       
 L  -46 6 24 4.64** 
       
   Middle frontal gyrus R BA 8 26 2 58 5.61** 
       
 L  -34 6 60 3.71* 
       
   Dorsolateral PFC R BA 46, 

9/46† 
46 40 26 5.1** 

       
 L  -48 28 30 4.18** 

       

Subcortical nuclei       

       
   Caudate R  12 12 -2 3.37* 
       
   Putamen R  22 -6 6 3.65* 
       
 L  -22 -2 6 3.66* 
       
   Globus pallidus R  12 0 -6 4.93** 
       
 L  -12 0 -6 4.09** 
       
   Posterior Thalamus R  18 -26 4 3.84* 
       
 L  -14 -22 8 3.47* 
Table 1. All statistical parametric maps were corrected across the whole brain for 

multiple voxel-wise comparisons using the false discovery rate (FDR) procedure (p < 

0.05). Regions that were >  4 mm apart and consisted of at least 5 contiguous voxels are 

shown. Z = 3.93 corresponds to FDR-corrected p = 0.001 (** p < 0.001) and Z = 2.95 

corresponds to FDR-corrected p = 0.01 (* p < 0.01). 



R: Right; L: Left; FG: fusiform gyrus; IT: inferior temporal gyrus; PHG: 

Parahippocampal gyrus; SMA: Supplementary motor area; PFC: Prefrontal cortex; †: 

Dorsolateral PFC areas as described in Petrides and Pandya, 1999 (Petrides M, Pandya 

DN. Dorsolateral prefrontal cortex: comparative cytoarchitectonic analysis in the human 

and the macaque brain and corticocortical connection patterns. Eur J Neurosci  1999; 11; 

1011-36). 



Table 2. PD group. Picture Sequencing > Object Discrimination Control   
                                                                              MNI Coordinates 
                                                                              
 
Region 

 
Side 

Brodmann 
areas 

 
x 

 
y 

 
z 

 
Z score 

Occipitotemporal       

       
   Occipital lobe R BA 18/19 32 -90 6 4.57** 
       
 L  -34 -90 6 5.1** 
       
   Lateral FG / IT R BA 20/37 52 -58 -28 4.6** 
       
 L  -52 -66 -24 4.66** 
       
   Hippocampus / PHG R  22 -32 -2 3.77* 
       
 L  -26 -22 -10 3.99* 
       
Parietal       
       
   Supramarginal gyrus R BA 40 46 -46 42 5.11** 
       
 L  -38 -56 44 4.12* 
       
   Inferior parietal lobule R BA 39 30 -70 26 5.99** 
       
 L  -28 -70 24 4.22** 
       
   Superior parietal gyrus R BA 7 30 -72 54 4.61** 
       
 L  -26 -72 54 4.16** 
       
Frontal       
       
   Premotor cortex R BA 6 46 6 26 4.6** 
       
 L  -42 6 32 4.91** 
       
   Pre-SMA   0 24 40 5.1** 
       
   Orbitofrontal cortex R BA 47/12 34 24 -10 4.56** 
       
 L  -34 22 -4 4.58** 
       



 
Table 2. (Continued) 
                                                                            MNI Coordinates 
 
 
Region 

 
Side 

Brodmann 
areas 

 
x 

 
y 

 
z 

 
Z score 

   Ventrolateral PFC R BA 44/45 46 12 16 3.95* 
       
 L  -44 12 24 4.97** 
       
   Middle frontal gyrus R BA 8 30 8 52 4.38** 
       
 L  -28 4 52 5.68** 
       
 R BA 46, 

9/46† 
50 48 12 5.77** 

       
 L  -42 36 18 5.09** 

       

Subcortical nuclei       

       
   Caudate R  12 12 -2 4.52** 
       
 L  -12 10 -6 4.57** 
       
   Putamen R  16 12 -4 3.49* 
       
 L  -16 10 -4 3.82* 
       
   Globus pallidus R  26 -12 -4 3.14* 
       
 L  -22 -10 -4 3.08* 
       
   Posterior thalamus R  18 -28 2 4.34** 
       
 L  -20 -30 6 4.87** 
Table 2. All statistical parametric maps were corrected across the whole brain for 

multiple voxel-wise comparisons using the false discovery rate (FDR) procedure (p < 

0.05). Regions that were >  4 mm apart and consisted of at least 5 contiguous voxels are 



shown. Z = 4.15 corresponds to FDR-corrected p = 0.001 (**p < 0.001) and Z = 3.08 

corresponds to FDR-corrected p = 0.01 (*p ≤ 0.01). 

R: Right; L: Left; FG: fusiform gyrus; IT: inferior temporal gyrus; PHG: 

Parahippocampal gyrus; SMA: Supplementary motor area; PFC: Prefrontal cortex; †: 

Dorsolateral PFC areas as described in Petrides and Pandya, 1999 (Petrides M, Pandya 

DN. Dorsolateral prefrontal cortex: comparative cytoarchitectonic analysis in the human 

and the macaque brain and corticocortical connection patterns. Eur J Neurosci  1999; 11: 

1011-36). 
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