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Abstract.

Background: Free recall memory deficits are common in Parkinson’s disease (PD), even at early stages before mild cognitive
impairment or dementia. Their association with brain structural changes has not been established.

Objective: We studied local gray matter volumes in relation to different memory tasks in early stage PD.

Methods: Magnetic resonance images (MRI) and neuropsychological data were obtained from 28 non-demented, medicated
PD patients, and 28 healthy controls. The gray matter segments of T1-weighted MRI images were analyzed using voxel-based
morphometry in relation to visual and verbal memory tasks. Measures of immediate free recall, verbal learning, delayed recall
and memory consolidation were obtained. A novel measure of incidental memory was included.

Results: Patients and controls showed no significant group differences in local gray matter volumes. Voxel-based morphometry
analyses revealed that worse performance on an incidental visual memory task was associated with smaller right parietal gray
matter volume (Family-wise error corrected P =0.002). This association was present in the PD group (corrected P =0.005), but
not in controls (corrected P> 0.99). No associations between gray matter volumes and the other memory tasks were found in
either group.

Conclusions: The results suggest that right parietal cortical gray matter volume is related to free recall memory deficits in early
stage PD in conditions not involving an intention to memorize visual items. This preliminary finding needs to be established in
further studies utilizing incidental memory tasks in PD.

Keywords: Parkinson’s disease, MRI, cognition, memory, parietal lobe, neuropsychology, voxel-based morphometry, incidental
memory

INTRODUCTION

Cognitive impairment and dementia are common
in Parkinson’s disease (PD). Structural brain imag-
ing studies have demonstrated that Parkinson’s disease
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dementia (PDD) is associated with changes in lim-
bic areas and widespread cortical atrophy in temporal,
prefrontal, occipital and parietal areas [1-3]. Findings
in non-demented patients are mixed, but patterns of
temporal, parietal and occipital cortical involvement
have been related to mild cognitive impairment (PD-
MCI) [4, 5]. In relation to specific cognitive tasks, the
most consistent finding in both demented and non-
demented PD patients is hippocampal atrophy, which is
related to memory functions [1, 6-8]. Recent evidence
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suggests that in non-demented PD patients, worse
memory performance is associated with volume loss in
several temporal lobe structures, including the entorhi-
nal cortex [9].

Only a few studies have addressed brain gray mat-
ter volume in relation to specific cognitive tasks in
early stages of PD (disease duration less than three
years). Voxel-based morphometry (VBM) studies with
untreated patients have mainly yielded no significant
regional gray matter atrophy or correlations with cog-
nitive tasks [10, 11]. A lack of structural-behavioral
correlations has been suggested to result from the use of
collapsed behavioral scores, instead of targeting tests
in single cognitive domains [12], such as memory.
While severe temporal lobe-dependent memory con-
solidation problems are rarely reported in early stage
PD [13], impairments in immediate and delayed free
recall are common [14, 15]. In early stages, free recall
has been reported to be more strongly affected than
language, performance on simple attention tasks, and
visuospatial functioning [14]. One study [16] using
radial distance mapping found significant associations
between hippocampal volume and both short and long
delay free recall at initial stages of PD. Another recent
study [5] using a surface-based approach reported
right posterior cortical thinning in relation to a ver-
bal immediate free recall task in PD-MCI patients, but
no associations with free recall tasks in cognitively
intact patients. In PDD patients, cortical thinning in
right parahippocampal gyrus, bilateral anteromedial
temporal cortex, and left lingual gyrus was related
to a delayed recall task. As very few studies have
reported structural correlates of specific free recall
memory tasks in early PD, and few have included both
verbal and visual memory tasks, it remains to be eluci-
dated whether visual and verbal memory are differently
reflected in cortical volume in PD.

Our aim was to study gray matter volume in rela-
tion to visual and verbal memory tasks in early
stage PD (disease duration <3 years) using VBM.
As very recent recommendations on memory assess-
ment [17] state that episodic memory should also be
assessed by non-intentional tasks, we examined four
conventional memory tasks and one non-intentional,
incidental memory task. The examined tasks provided
measures of immediate free recall (two tasks), ver-
bal learning, delayed verbal recall, and relative verbal
savings percentage (memory consolidation). To our
best knowledge, no studies have addressed regional
brain gray matter volume in relation to free recall after
incidental encoding in PD. We expected that memory
performances would be related to temporal gray matter.

MATERIALS AND METHODS
Farticipants and clinical assessment

56 participants (28 PD and 28 healthy controls) were
enrolled through a national survey research project on
PD cognition in collaboration with the Finnish Parkin-
son Association, and from two outpatient neurology
clinics. Newly diagnosed patients (disease duration
maximum three years) were asked to participate. All
participants had a brain magnetic resonance imaging
(MRI) scan and were neurologically evaluated by expe-
rienced clinical investigators at the Turku PET Centre
(JJ and PJ). The MRI scans were visually rated by
an experienced neuroradiologist (RP). Extensive neu-
ropsychological assessments and clinical interviews
were performed by an experienced neuropsychologist
(UE) at the Department of Psychology and Logopedics
at Abo Akademi University. The work was carried out
inaccordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants.
The study protocol was approved by the Joint Ethics
Committee of Turku University and Turku University
Hospital.

28 PD patients and 28 healthy controls underwent
MRI imaging and neuropsychological testing within
a four-week interval. All patients had a diagnosis
of idiopathic PD made by their treating neurologist
according to the UK Brain Bank criteria, and none
had structural brain findings inconsistent with the PD
diagnosis. Motor impairment was rated using the val-
idated Finnish version of the Unified PD Rating Scale
(UPDRS-Fin III) (http://www.parkinson.fi/sites/defau
1t/files/UPDRS-FIN%20_II1.pdf). All patients were
stable on their antiparkinsonian medications. The total
medication dose was calculated in levodopa equiva-
lents (LEDD) [18]. None of the patients were taking
anticholinergic preparations. The possible presence of
PDD was assessed according to Movement Disorder
Society Task Force recommendations [19]. Based on
clinical impression, a semi-structured interview and
formal neuropsychological assessment, none of the
patients were clinically demented and none of them
had cognitive deficits significantly impairing daily
life. All patients were community dwelling and func-
tionally independent including independent usage of
medications. Neuropsychological assessments were
performed in the ‘on’ state. The group of healthy con-
trols consisted of 15 men and 13 women. None of them
were clinically diagnosed with depression, neurolog-
ical or psychiatric disease, or had a history of head
trauma. Patients and controls were equated for age and
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Table 1
Demographic, clinical, and MRI visual rating score comparisons between PD patients and controls
PD (n=28) Controls (n=28) P-value
Demographic and clinical®
Age 60.3 (8.1) 61.3(7.2) NS
Gender (Male/Female)® 14/14 15/13 NS
Education (years) 13.8 (3.5) 14.8 (3.2) NS
MMSE score 28.0 (2.0) 28.1(1.9) NS
Disease duration (months) 18.9 (10.8) NA
Age at disease onset 58.8 (7.8) NA
UPDRS-III motor score 25.9(7.5) NA
H & Y stage, median (min-max) 2.5(2-3) NA
Levodopa equivalent dose (mg/day) 392.0 (230.3) NA
Total intracranial volume (TIV) (ml)¢ 1515.1 (155.8) 1482.3 (160.8) NS
MRI visual rating score®®
Age-related white matter changes 0.5 (0.6) 0.4 (0.6) NS
Score/number of cases 0/16, 1/10, 2/2 0/19, 1/7,2/2
Hippocampal atrophy (right) 0.07 (0.3) 0.07 (0.3) NS
Score/number of cases 0/26, 1/2 0/26, 1/2
Hippocampal atrophy (left) 0.04 (0.2) 0.07 (0.3) NS
Score/number of cases 0/27, 1/1 0/26, 1/2
Frontal atrophy 0.07 (0.4) 0.04 (0.2) NS
Score/number of cases 0/27, 2/1 0/27, 1/1

2Independent samples ¢ test; ®Pearson Chi square test; “TIVs obtained from native space images, control n=27; 9 Age-related white matter
changes (Wahlund et al., 2001), hippocampal atrophy (Scheltens et al., 1992), and frontal atrophy (Jokinen et al., 2009) were visually evaluated

on scales ranging from 0 — 4; “Mann Whitney U test.

years of education on group level. Details are presented
in Table 1.

Memory tasks

Immediate free recall was assessed using two visual-
verbal memory tests. Free recall after intentional
encoding was assessed using the 20 Objects test [20].
20 common physical objects (pencil, scissors, match-
box etc.) exposed in a 34 x 25 cm size box were first
named and immediately thereafter recalled. Prior to
naming, the participants were instructed to memorize
as many items as possible. Free recall after incidental
encoding was assessed using a novel memory exten-
sion of the Boston Naming test (BNT), the Memo-BNT
[21, 22]. The participant was asked to name items
(drawings) 30-60 from the original BNT. Naming
was followed by immediate free recall of the previ-
ously named items. An incidental encoding context
was created by not giving participants any instruc-
tions to memorize during the naming task, and by
introducing the task as the very first in the testing
situation. Additionally, immediate and delayed verbal
free recall was assessed using the wordlist learning
(sum score of three trials), wordlist delayed recall and
wordlist relative saving percentage (savings%) of the
CERAD [23, 24]. Savings% expresses the percentage
of words learned by the third trial that are retained at
delayed recall. As executive [25] and working mem-

ory deficits [26, 27] are commonly reported in PD and
may have some impact on memory performance, an
executive cost sum score and a working memory sum
score were created. The executive cost sum score was
calculated by adding together the difference scores
of the Trail Making test and the Stroop test, (TMT
B — A)+(Stroop interference naming — color nam-
ing). Higher score indicates worse set-shifting and/or
inhibition abilities. The working memory sum score
consisted of the verbal and visual backward spans (sum
of absolute spans, entities) of the Wechsler Memory
Scale-III. Group differences on the neuropsychological
measures were assessed using univariate ANOVAs and
Mann-Whitney U tests. Correction for multiple com-
parisons was performed resulting in a significance level
of .05/7=.007. Non-parametric correlational analy-
ses were conducted to examine possible relationships
between the memory measures and the executive as
well as working memory control measures. Paramet-
ric correlations were used for examining relationships
between memory measures, UPDRS-III and LEDD in
PD group. All behavioral analyses were performed in
SPSS 21.

MRI acquisition

The subjects were scanned using a 1.5 T scanner
(Philips Gyroscan Intera 1.5T CV Novo Dual, Philips
Healthcare, Best, The Netherlands) equipped with a
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SENSE head coil. For VBM analyses, T1-weighed
three-dimensional fast field echo images were obtained
in transverse planes with contiguous 1 x 1 x I mm
voxels, 25 ms echo time, 30 degrees flip angle, and
field-of-view 256 x 256 mm yielding at least 160 con-
tiguous slices. In addition, T2-weighted, diffusion and
FLAIR sequences were obtained for visual evaluation.

Visual MRI ratings

Age-related white matter changes were visually
rated using the Wahlund scale (0—4) [28]. Hippocam-
pal atrophy (left and right) was rated according to the
Scheltens scale (0—4) [29] and frontal atrophy using
a scale ranging from 0—4 [7]. Based on visual eval-
uation of the MRI images, one control subject was
diagnosed with asymptomatic meningeoma, and was
thus excluded from the VBM analyses.

VBM

VBM was conducted using the VBMS8 toolbox
(Christian Gaser, University of Jena; http://dbm.neuro.
uni-jena.de/vbm8/) in SPM8 (Wellcome Department
of Cognitive Neurology, London, UK) running in
Matlab R2011a (MathWorks, Natick, MA). The T1-
weighted images were segmented into gray matter,
white matter, and cerebrospinal fluid images [30]. The
total intracranial volumes (TIVs) were obtained from
the native-space images. The images were normalized
to Montreal National Institute (MNI) space using the
high-dimensional DARTEL normalization procedure
[31]. The images were modulated using the Jacobian
determinants derived from the normalization proce-
dure [32]. A 10 mm full width half maximum (FWHM)
Gaussian kernel was used to smooth the images to
improve signal-to-noise ratio.

The images were analyzed with SPMS8 using
the general linear model (GLM). For statistical
analyses, the images were thresholded with voxel
value 0.1 to include voxels consisting of only gray
matter. An analysis mask was constructed using
SPMB8 toolbox WFU PickAtlas of the human brain
(http://fmri.wfubmc.edu/software/PickAtlas) [33] to
include the whole brain except for the medulla and
cerebellum. The analyses were performed in the whole
sample (n=55) and dividing the groups separately
(n=28 for PD patients and n=27 for controls). The
potential confounding factors (gender, age, handed-
ness, education and TIV in the whole sample; and
UPDRS score in PD patients) were analyzed using
single variable regression. The factors associated with

local gray matter volumes were added as nuisance
covariates to subsequent multiple regression analy-
ses. Of the tested demographic variables; sex, age,
and TIV were associated with local gray matter vol-
umes. However, there was a strong intercorrelation
between sex and TIV. Therefore, only age and TIV
were included as nuisance covariates to the voxel-
wise multiple regression analyses. The variables of
interest (intentional free recall, incidental free recall,
wordlist learning, wordlist delayed recall and wordlist
savings%) were analyzed using multiple regression
analysis. The analyses were performed at height
threshold of uncorrected P < 0.005. Family-wise error
corrected (FWE) cluster-level Pgy,e <0.05 was consid-
ered statistically significant. The peak coordinates are
presented in MNI standard space.

RESULTS
Demographic and clinical background measures

The groups did not differ regarding age, gender,
education, MMSE scores or TIV. There were no signif-
icant group differences on the visual rating scores for
white matter changes, hippocampal, or frontal atrophy
scores. Visual scores ranged between 0 and 2 in both
groups. Demographic, clinical, and MRI visual rating
data are presented in Table 1.

Memory measures

The PD patients were significantly impaired on
intentional free recall, incidental free recall, and
wordlist learning. No significant group differences
were found in wordlist delayed recall and wordlist
savings%. The significance pattern did not change
when the analyses were repeated controlling for
age and education (ANCOVA). There were no sig-
nificant group differences in executive or working
memory performances. Neuropsychological between-
group comparisons are presented in Table 2. Within
the PD group, wordlist delayed recall was significantly
related to executive (s =—.39; p=.039) and working
memory (rs =.50; p=.007) performance. Wordlist sav-
ings% was also related to working memory (rs =.46;
p=.013) in the PD group. In controls, only wordlist
learning was significantly related to the executive
measure (rg=—.51; p=.005). The intentional and inci-
dental free recall tasks were not related to executive
or working memory performance in either of the two
groups. None of the memory tasks were related to
UPDRS-III score or LEDD in the PD group.
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Neuropsychological comparisons between PD patients and controls

PD (n=28) Controls (n=28) P-value Cohen’s d
Memory tasks®
Incidental free recall® 8.3(@3.1) 10.6 (2.9) .005 =77
Intentional free recall® 12.5 (2.5) 14.4 (1.6) .001 —.91
Wordlist leamingd 20.4 (3.3) 229 (3.1) .005 —.78
Wordlist delayed recall 6.2 (2.2) 7.1(1.9) .097 —.44
Wordlist savings%* 79.4 (23.4) 81.4(19.2) 733 —.09
Executive control tasks’
Executive cost sum score® 97.9 (46.9) 84.8 (28.7) .566 34
Working memory sum score® 10.1 (1.8) 10.2 (1.4) 558 —.06
Visuospatial control tasks®
Cerad Figure copy total score 9.9 (1.3) 10.8 (0.6) .002 —.87
WAIS-III Block design total score 34.2 (9.8) 43.1(104) .002 —.88

aUnivariate ANOVA; PMemo-BNT immediate free recall; €20 Objects test immediate free recall; dSum of three trials; °[(delayed recall score/
third trial score) x 100]; fMann-Whitney U test; £Sum of executive costs in seconds (set-shifting: Trail Making test B — A + inhibition: Stroop
interference naming — color naming). Higher values indicate worse performance; "Sum of verbal and visual backward spans (number of entities)

of the Wechsler Memory Scale-III; 'Post-hoc analysis.

VBM group analysis and correlations with
memory performances

There was no statistically significant difference
between the groups in local gray matter volumes (the
largest non-significant cluster with reduced gray matter
volume in PD patients was observed in right pari-
etal cortex; k=1253, Pgye =0.33, xyz=57-55 27).
In the whole study group, lower score on the inci-
dental memory task was associated with smaller local
gray matter volume in right parietal cortex [k=4972,
Prwe =0.002, xyz=52 —22 46 (Fig. 1A)]. When sepa-
rating the groups, lower incidental memory scores were
associated with smaller right parietal gray matter vol-
ume in PD patients [k =3718, Pgye =0.005, 48 —25 40
(Fig. 1B)], but not in control subjects [Pgye >0.99]. The
main associated coordinate regions were right post-
central gyrus and inferior parietal lobule, including
Brodmann areas 2 and 40. There were no associations
between local gray matter volumes and any of the other
memory variables in the whole sample or in the groups
separately.

Due to the association between right parietal volume
reduction and the incidental memory task in the PD
group, post-hoc analyses (ANOVA) were conducted
for the two visual memory tasks in order to clarify
their possible association with visuospatial function-
ing. Although the PD patients performed significantly
worse than controls on both a simple figure copying
task (CERAD) and the complex block design task
of WAIS-III (Table 2), a partial correlation analysis
accounting for age and education did not yield signif-
icant associations between visuospatial performance
and performance on the two visual memory tasks. This

suggests that the correlation between right parietal vol-
ume reduction and incidental memory performance in
the PD group was most likely not due to or modulated
by visuospatial processing deficits.

DISCUSSION

We studied brain gray matter volume using VBM in
relation to different aspects of visual and verbal mem-
ory in early stage, medicated, non-demented PD. Four
conventional memory tasks and one novel incidental
memory task were used. Measures of immediate free
recall, verbal learning, delayed verbal recall, and rela-
tive verbal savings percentage were examined. Very
few PD studies have examined volumetric relation-
ships with single memory measures or memory tasks
including both verbal and visual content. There are no
previous reports on gray matter correlates of incidental
memory in PD.

Our main finding was a significant relationship
between right parietal gray matter volume reduction
and worse performance on an incidental memory task.
The relationship was significant over the collapsed
group. This effect was also seen in the PD group
alone, but not in control subjects, indicating the find-
ing to be related to PD pathology. There were no
significant relationships between gray matter volume
and any of the other memory tasks in either of the
groups, or over the collapsed sample. On the behavioral
level, PD patients performed worse than controls on
the visual immediate free recall tasks (one intentional
and one incidental) and on the wordlist learning task.
They were not impaired on delayed wordlist recall or
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Fig. 1. Association between parietal gray matter volume and incidental memory (A) in the whole study group (n=55, Pgye =0.002) and (B)
in PD patients (n=28, Pgye =0.005) overlaid on the average normalized T1-weighted image of the study subjects. The color bar represents

T-values.

relative wordlist savings%. Wordlist learning, wordlist
delayed recall and savings% were related to executive
and working memory functioning predominantly in the
PD group, while none of the visual free recall memory
tasks were related to executive functioning or working
memory in either of the groups.

Our results are in line with previous VBM studies in
PD, which have demonstrated significant regional gray
matter atrophy in more advanced patients with cog-
nitive impairment, but not in patients at early stages.
We found no significant regional gray matter volume
differences, although trend-level parietal regional gray
matter volume reduction was present in PD patients.
In the earliest disease stages and in cognitively intact
patients, several studies have found either no global or
regional gray matter volume loss [1, 11, 34] or they
reported scant changes [35, 36]. In relation to mem-
ory tasks, VBM findings have been absent in untreated
patients [10, 11] and restricted to the hippocampus
when reported in cognitively intact PD patients [1]. The
PD patients in the present study were not impaired on
delayed memory measures or memory consolidation,
which is consistent with findings drug-naive patients
[13] and the fact that we did not find significant medial
temporal lobe changes. Structures within the medial
temporal lobe are essential for declarative, intentional
memory [37]. The absence of volumetric changes and
the intact memory consolidation performances in the
present sample of PD patients is consistent with the

fact that they were at early stage of the disease with no
significant cognitive impairment.

The observed association between right parietal gray
matter volume reduction and worse performance on
the incidental memory task only, was unexpected and
warrants discussion. The most prominent difference
between the incidental task and the other memory tasks
in the present study was the absence of an explicit
instruction to memorize items. Thus, no external cues
to focus attention on the visual items were avail-
able during encoding, in opposite to the other tasks
in which explicit instructions to memorize as much
as possible were given. The incidental task was also
more difficult than the other tasks, in the sense that it
contained somewhat more items (31) than the other,
highly similar visual free recall task (20 items), and
the verbal learning task (10 items). It is important to
note, that most previous structural imaging studies in
PD have used verbal memory tasks such as the Cal-
ifornia Verbal Learning test or Rey Auditory Verbal
Learning test. In these tasks, an explicit instruction
to memorize is given, which automatically creates
an intentional condition. Explicit instructions may,
however, cause episodic information to be acquired
and retained by semantic memory systems, instead of
engaging episodic memory [17].

The lateralization of our main finding to right
parietal regions was unexpected. Interestingly, right
hemisphere cortical thinning in parietal regions has
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previously been found in cognitively intact [5] and non-
demented PD patients [36]. In PD patients with longer
disease durations, gray matter reductions in bilateral
parietal areas (BA 40) have been found to corre-
spond with performance on visual form discrimination
[38]. Lesion studies and functional imaging studies in
healthy humans have shown that the right hemisphere
is dominant for aspects of attention [39], and that the
right parietal cortex is related to interactions between
different attentional processes [40]. Parietal regions are
believed to track the intention to remember by directing
attention to memory contents [39], as well as maintain-
ing qualitative content, such as mental images [41].
Activation studies have shown that the parietal lobe is
one of the most frequently activated areas also during
episodic memory retrieval [42], and that dorsal and
ventral parietal cortex have distinct functions within
episodic memory, as well as overlapping activity for
memory and perception [43, 44]. One functional MRI
study [45] using a verbal incidental memory task in
healthy individuals, found that activity in the right
inferior parietal and prefrontal networks was modu-
lated by the level of attention during initial encoding.
Although the functional role of the parietal cortex is
complex and still debated [46,47], itis possible that our
incidental memory task put more demand on retrieval
after spontaneous ‘on-line processing’, and thus tapped
parietal-driven attentive and mnemonic functions. The
visual nature of the task items could also explain
some of the right hemispheric lateralization. Func-
tional imaging evidence has shown right lateralization
effects for visual items [48]. Within working-memory
paradigms, right inferior parietal activity has been
associated with memory for object location [49] and
visuo-spatial imagery strategies to maintain informa-
tion in short-term memory [50]. Although none of our
visual free recall measures were directly associated
with working memory performance, the visual con-
tent in the incidental memory task may have required
subjects to rely more on visual imagery strategies
instead of lexical-semantic search in order to access
content from memory during free recall. Visuopercep-
tual aspects of the incidental memory task could also
contribute to the present parietal finding in PD patients.
However, this seems less likely as the other very simi-
lar visual memory task was not related to gray matter
volume and neither of the visual memory tasks were
directly associated with visuospatial performances.
Due to the fixed setting in our study, it is not pos-
sible to definitively untangle whether the observed
gray matter association was related to encoding or to
retrieval. However, the fact that gray matter volume in

PD patients was associated only with free recall fol-
lowing incidental encoding suggests that the finding
was related to differences in the encoding conditions,
and that different memory tasks may be differently
reflected in gray matter volume. The lack of associ-
ation between hippocampal gray matter volume and
any of our memory measures suggests a non-dominant
role of the hippocampal circuit in the free recall deficit
seen in early PD. However, early stage functional dis-
ruptions of the hippocampus cannot be excluded by
structural imaging, and VBM might not be an optimal
method for analyzing small subcortical structures like
hippocampus. It has been suggested, that surface-based
neuroanatomical approaches such as cortical folding
and cortical thickness may be more sensitive methods
than VBM to identify subtle changes [36]. Functional
brain imaging studies on free recall could contribute to
the understanding of memory in PD from early stages
and prior to overt symptoms of hippocampal atrophy.

We are aware of some limitations of the study. First,
the study sample was rather small, which may affect
the generalizability of the findings. Second, there were
some differences between the incidental and inten-
tional free recall tasks used, which warrants further
studies in counterbalanced experimental settings for
establishing the effects of intentionality. Third, we did
not perform a subgrouping of PD patients according
to cognitive status. Instead, we restricted the sample
to early stage, short disease duration PD already at
the inclusion phase of the study. A majority of studies
reporting anatomical correlates of memory in PD have
included older (>65 years) PD patients with longer
disease durations (=5 years) [1, 4, 5, 9, 16]. Studies
including younger patients at initial disease stages may
therefore contribute to the understanding of the neural
changes associated with memory at different stages of
PD.

In conclusion, we found that smaller right parietal
gray matter volume in early stage PD was related to
worse free recall on an incidental visual memory task,
but we found no associations between gray matter vol-
ume and conventional visual and verbal memory tasks.
While both cortical and subcortical neural networks
are thought to be involved in both intentional and inci-
dental memory in healthy humans, further studies are
needed to establish the role of brain volumetric degen-
eration in free recall deficits in early PD.
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